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ABSTRACT

Author: Schnoebelen, Carly, Lynn. PhD
Institution: Purdue University
Degree Received: May 2018
Title: Evaluation of a Redesigned Chemistry Course Sequence for Undergraduate Life Science
Majors
Committee Chair: Christine A. Hrycyna
In response to both nationwide calls for reform and a perception that the existing
chemistry curriculum was not meeting the needs of life science students, faculty in the
department of chemistry at Purdue created a redesigned chemistry course sequence specifically
aimed at preparing biology majors. The new sequence, called the 1-2-1 curriculum, spans four
semesters of instruction, including one semester of general chemistry, two semesters of organic
chemistry, and one semester of biochemistry. The 1-2-1 curriculum was implemented in the
2013-2014 academic year, and students appeared to be progressing through successfully.
However, there was a need for a more systematic evaluation of the impact of the new curriculum
on student learning and achievement. The goals of the 1-2-1 curriculum include preparing
students for success in future chemistry courses, building students’ conceptual understanding of
core chemistry topics relevant to biological systems, and having students apply their knowledge
of chemistry to understanding biological systems at the molecular level. This study reports an
evaluation of the 1-2-1 curriculum in three areas: students’ performance in subsequent courses,
their retention of knowledge over time, and their transfer of chemistry knowledge to solve
problems in biologically relevant contexts. Three cohorts of students were tracked through the 12-1 sequence and their performance was measured by course grades and exam scores. We found
that students in the 1-2-1 curriculum performed better or equally well when compared to their
peers who had taken traditional chemistry courses in both organic chemistry and biochemistry.
To assess students’ retention of knowledge, a pre-test was administered at the beginning of
biochemistry that included questions from the students’ general and organic chemistry final
exams that covered topics relevant to biochemistry. Students’ responses to the pre-test were
compared to their responses on final exams as a measure of retention. We found that students
demonstrated higher retention for topics that were introduced in general chemistry and then
revisited in different contexts in organic chemistry, including resonance, acid-base chemistry,
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intermolecular forces, and hybridization. Students demonstrated lower retention for topics that
were introduced in general chemistry but not explicitly discussed in organic chemistry, including
thermodynamics, kinetics, and buffers. Additionally, students generally demonstrated low
retention when asked to draw mechanisms for reactions that they had been introduced to in
organic chemistry. Transfer was assessed by asking students to propose mechanisms for
reactions in both a traditional chemical context and a biochemical context. Students primarily
constructed relations of similarity based on surface features of the starting materials, which often
led them to propose incorrect mechanisms. Overall, these results demonstrate that the integration
of topics throughout the 1-2-1 curriculum had a positive impact on students’ understanding and
retention of core chemistry concepts, however, more work is needed to fully integrate other topic
areas in the curriculum. Future changes to the curriculum are suggested, as well as broader
implications for teaching, research, and curriculum development.
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INTRODUCTION

1.1

Changing the Chemistry Curriculum
The focus for both the structure and content of the chemistry curriculum for

undergraduate biology and other life science majors at Purdue University was recently
transformed to better meet the needs of these students. Previously, biology majors took courses
in chemistry with other science and engineering majors, including two semesters of general
chemistry and two semesters of organic chemistry. Students had the option of choosing from
several one-semester biochemistry courses in different departments, but biochemistry
coursework was not a requirement for the biology degree. In the new course sequence, students
take chemistry courses with only their life science peers, including one semester of general
chemistry, two semesters of organic chemistry, and one semester of biochemistry. This course
sequence is referred to as the 1-2-1 curriculum. Both the 1-2-1 curriculum and the curriculum it
replaced are summarized in the tables below, including the semesters when students typically
take each course.

Table 1.1 Previous chemistry curriculum for biology majors
Fall

Spring

Freshman

CHM 115 General Chemistry I

CHM 116 General Chemistry II

Sophomore

CHM 255 Organic Chemistry I

CHM 256 Organic Chemistry II

Junior (or later)

Biochemistry (optional)

Table 1.2 New chemistry curriculum for biology majors (1-2-1 curriculum)
Fall
Freshman

Sophomore

Spring

CHM 129 General Chemistry

CHM 255 Organic Chemistry I

with a Biological Focus

with a Biological Focus

CHM 256 Organic Chemistry II

CHM 339 Biochemistry: A

with a Biological Focus

Molecular Approach
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The major changes to the curriculum, which will be described in more detail later,
involved a transformation of chemistry content across all four semesters of instruction. General
chemistry was shortened from two semesters to one, with material deemed irrelevant to
biological systems removed or with significantly reduced coverage (see syllabus in Appendix A).
The new general chemistry course, CHM 129, is a 5-credit course, whereas the previous general
chemistry courses, CHM 115 and CHM 116, are both 4-credit courses. This change means that
students spend more time in class in CHM 129 (three lectures per week) compared to the
traditional general chemistry courses (two lectures per week).
The focus in organic chemistry was shifted from synthesis to reactions that occur in
biological systems, including enzyme-catalyzed metabolic reactions, with expanded coverage of
carbonyl chemistry. A biochemistry course was created that focuses on the application of
principles from general and organic chemistry to biological systems. These topics meet the
competencies related to chemistry and biochemistry in the Scientific Foundations for Future
Physicians (SFFP) report (AAMC-HHMI, 2009).
Two faculty members, one from the biochemistry division and one from the organic
chemistry division, collaborated to develop the new curriculum. Both are full professors in the
Department of Chemistry with many years of experience teaching undergraduates. Nationally,
this curriculum reform is part of the National Experiment in Undergraduate Science Education
(NEXUS), a collaborative project led by faculty at multiple universities and funded by the
Howard Hughes Medical Institute (HHMI) aimed at integrating the biological and physical
sciences for life science students (Thompson, Chmielewski, Gaines, Hrycyna, and LaCourse,
2013). At Purdue, the one-semester general chemistry course for life science students was first
taught in the Fall 2012 semester, and biochemistry, the final course in the sequence, was first
taught in the Spring 2015 semester.
The original impetus for changes to the curriculum was a belief by the faculty members
involved in the project that the existing chemistry courses did not meet the needs of life-science
students. They viewed the general chemistry curriculum as too broad with too much emphasis on
physical chemistry and algebraic problem solving, with not enough connections being made to
biology. The organic chemistry curriculum focused too heavily on organic synthesis and not
enough on reactions that take place in biological systems, including enzyme-catalyzed reactions.
Existing biochemistry courses did not include enough chemistry and were viewed as not rigorous
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enough. When viewed as an entire sequence, the existing courses did not offer a coherent
foundation in chemistry as it relates to biological systems that would prepare students for success
in upper-level courses in biology, undergraduate research, and graduate or professional school.
Many biology majors are in pre-medical or other pre-professional tracks and it was
important that the new curriculum adequately prepare students for the Medical College
Admissions Test (MCAT) and other professional school entrance exams, particularly in light of
the reforms to the MCAT made in 2015, with its increased emphasis on biochemistry and
applications of chemistry to biological systems (AAMC, 2016). Chemistry departments that
serve pre-medical students nationwide have made changes to the education of these students in
response to the new MCAT and calls for reform from the medical education community
(AAMC-HHMI, 2009).
The authors of the Scientific Foundations for Future Physicians (2009) report
recommended that pre-medical science education be organized around competencies, rather than
specific courses. However, these competencies did not offer specific guidelines for how
chemistry should be taught, leaving individual institutions and faculty members free to make
decisions about teaching chemistry to pre-medical students (Cooper, 2013). The American
Society for Biochemistry and Molecular Biology (ASBMB) published a set of recommendations
for chemistry and biochemistry education in response to the new MCAT, but institutions are not
obligated to implement them (Brenner, 2013). The 1-2-1 curriculum is situated in efforts by
many individuals and institutions to reform pre-medical education, as well as a broader
movement to reform science education at the undergraduate level to better meet the needs of all
students and prepare them for their future education and careers (Cooper et al., 2015; NRC,
2012).
The faculty involved in the development of the 1-2-1 curriculum took into consideration
future coursework and career paths students were likely to take while developing the 1-2-1
curriculum, including the needs of pre-medical students. Collaboration among the faculty
members helped to establish consistency and alignment of content throughout the course
sequence. The faculty members teaching these courses also got buy-in from the Biological
Sciences Department, the home department for the majority of the students, and worked with
pre-professional advisors on campus to encourage students to take this option and legitimize it,
especially for students wanting to pursue advanced degrees in science and medicine.
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Faculty members contacted medical schools to ensure that course credits would be
accepted and seen as adequate preparation by admissions committees. Satisfying academic prerequisites is a major concern of highly motivated pre-professional students, and because this
curriculum only includes one semester of general chemistry, which differs from the nationwide
norm, this had to be seen as acceptable to both students and medical schools.

1.2

Goals of Curriculum Change
One of the practical goals of the new curriculum was for students to take biochemistry by

the end of their sophomore year. This was a major change from the previous curriculum, in
which students were not required to take biochemistry, but had the option of taking it during
their junior or senior year. Taking biochemistry earlier allowed students to take upper-level
courses for which biochemistry is a prerequisite earlier in their careers. It also ensured that premedical students had taken biochemistry before they take the MCAT, typically in their junior
year. This was important since the new MCAT places a greater emphasis on biochemistry. In
order to accomplish this goal, the entire course sequence had to be completed in four semesters,
or two academic years. By shortening general chemistry from two semesters to one, and creating
a new one-semester biochemistry course, the sequence fit into four semesters, and students were
strongly encouraged to begin in the fall semester of their freshman year.
In addition to practical motivations, the faculty who developed the 1-2-1 curriculum had
a variety of goals for student learning. These learning goals, though articulated in different forms,
can essentially be summed up by the following: the faculty wanted students to apply their
knowledge from general chemistry to organic chemistry, and from both general and organic
chemistry to biochemistry. In the remainder of this section, I will describe how the curriculum
was designed with this goal in mind.
In developing the 1-2-1 curriculum, the faculty members created a one-semester general
chemistry course that focused on building a deeper understanding of a smaller number of topics,
particularly those relevant to organic chemistry and biochemistry so that students would be better
prepared for future courses. The traditional general chemistry curriculum has been criticized for
sacrificing depth for breadth in its inclusion of a large number of topics that are disconnected
from one another (Talanquer & Pollard, 2010). In addition, general and organic chemistry are
often viewed as unrelated by students, despite the fact that the majority of students take them
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immediately following one another (Anderson & Bodner, 2008). Faculty teaching these courses
often do not engage in discussions with one another about either the prior knowledge students
can be expected to come to organic with or how to align the content in their courses.
One of the major goals of the 1-2-1 curriculum was to ease the transition for students
from general to organic chemistry. With this goal in mind, the focus of general chemistry was
shifted towards building a conceptual understanding of substances and processes on the
molecular level.
Table 1.3 shows the shift in focus in general chemistry compared to the previous
curriculum. The course was condensed from two semesters to one, meaning content is covered at
an accelerated pace. This was partially accomplished by expanding from two lectures per week
in the traditional general chemistry course to three lectures per week in the new course. The shift
in emphasis to organic and biologically-relevant substances and processes is intended to prepare
students for organic chemistry and biochemistry coursework.

Table 1.3 General chemistry shift in focus
Topic

Previous emphasis

New emphasis

Electron configurations

Atoms and compounds (non-

Biochemically relevant atoms and

Periodic trends

biochemically relevant)

compounds

Chemical bonding

Trends important for predicting

Lewis structures

reactivity

Molecular geometry

Covalent bonding in organic

Intermolecular forces

molecules, resonance, hybridization

Solutions
Colligative properties
Chemical equations &
stoichiometry

Enzyme kinetics

Kinetics

Chemical kinetics

Nuclear medicine

Nuclear chemistry

Nuclear power & weapons

pH, pKa, & buffers

Acid-base chemistry

Quantitative titrations

Biological systems, cells

Thermodynamics

Closed systems

Metabolic reactions & the electron

Oxidation-reduction

Salts, metals, & batteries

transport chain
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Molecular-level thinking is essential for understanding substances and processes in
organic chemistry and biochemistry. In accordance with this goal, a greater emphasis in general
chemistry was placed on topics including molecular structure and geometry, resonance,
hybridization, intermolecular forces, and reaction mechanisms. In addition, topics such as
enzyme kinetics, biological redox reactions, and physiological buffers were added that are not
typically included in traditional general chemistry courses.
In the 1-2-1 sequence, the theme of molecular-level thinking is continued in organic
chemistry, which has traditionally been criticized as focusing too much on synthesis, despite the
fact that the vast majority of students taking organic chemistry will not become chemists. For
life-science students in the 1-2-1 curriculum, the focus of organic chemistry was shifted towards
reactions relevant to biological systems, including carbonyl chemistry, sugars, enzymes,
coenzymes and cofactors, metabolic reactions, amino acids and proteins. This is intended to
prepare students to take biochemistry immediately after organic chemistry and apply their
knowledge to biochemical substances and processes. Table 1.4 shows the shift in emphasis in
organic chemistry compared to the traditional curriculum. Many of the topics are the same, but
there is a decreased emphasis on small molecule examples and an increased emphasis on
biochemical examples. The new organic chemistry course is the same length (two semesters) as
the traditional course, but focuses on a smaller number of reactions discussed in greater depth,
particularly in the second semester.
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Table 1.4 Organic chemistry shift in focus
Decreased emphasis

Increased emphasis

Synthetic organic chemistry

Biopolymer functional groups and structure

Small molecule examples of:

Non-covalent interactions of biopolymers



Electrophilic addition

Biochemical leaving groups



Radical reactions

Co-enzyme chemistry



Nucleophilic substitution

Bioorganic spectroscopy



Elimination reactions

Biochemical examples of:



Addition/substitution on carbonyls



Electrophilic addition



Electrophilic aromatic substitution



Radical reactions



Nucleophilic substitution



Elimination reactions



Addition/substitution on carbonyls

The focus on the molecular level carries through to biochemistry, the final course in the
1-2-1 sequence. Principles from organic chemistry were incorporated throughout the
biochemistry course, particularly in studying the mechanisms of reactions that occur in
metabolism, which involve a large number of carbonyl reactions. The goal was for students to
think about biochemistry as applied organic chemistry, which includes using organic
mechanisms to describe biochemical reactions. This aligns with recommendations by the
American Society for Biochemistry and Molecular Biology (ASBMB) that a chemistry-oriented
biochemistry course should be offered for pre-medical students (Brenner, 2013). The new
Medical College Admissions Test (MCAT) also focuses heavily on the application of principles
from physical science to biological systems (AAMC, 2016).

1.3

Evaluating the Impact
Following the implementation of the curriculum, course instructors began collecting data

to evaluate its impact on students. Evaluative metrics were collected, including course grades
and performance on final exams. These data showed that students in the 1-2-1 curriculum
performed just as well or better in organic chemistry and biochemistry than students who took a
traditional general chemistry course. Attitudinal surveys conducted after completion of the entire
sequence demonstrated a favorable perception of the courses among students. Paired questions
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that assessed the same concept in both a traditional chemical and a biological context were
included on exams, and student performance was approximately the same in both contexts across
a variety of concepts in both general and organic chemistry. This preliminary evidence was
promising, but more in-depth data were needed to fully evaluate the impact of the curriculum on
student learning.
Evaluation of a curriculum or any other educational program must consider the goals of
that program (Guba & Lincoln, 1981). For the 1-2-1 curriculum, the overarching goal was for
students to apply, or transfer, their knowledge of chemistry to understanding biological systems.
The evaluation study upon which this dissertation is based was informed by research studies
from chemistry and biochemistry education that examined development of understanding over
time and how students apply knowledge in a variety of contexts (Anzovino & Bretz, 2015;
Ferguson & Bodner, 2008; Orgill & Sutherland, 2008; Underwood, et al., 2016; Wolfson, et al.,
2013; Yan & Talanquer, 2015). This evaluation was also informed by theoretical and empirical
literature from educational research more broadly related to transfer and retention of knowledge
(Chi & VanLehn, 2012; Day & Goldstone, 2012; Lobato, 2012; Salomon & Perkins, 1989;
Schwartz & Bransford, 1998). These bodies of work will be reviewed in Chapter 2.

1.4

Model for Evaluation
Evaluation involves making a judgment about the value of something based on

systematic inquiry (American Evaluation Association, 2004). For the purposes of this study, the
1-2-1 curriculum was the subject of evaluation. Evaluation is not synonymous with assessment,
though student assessments are an important component of evaluating an educational program.
This distinction is described in more detail with terms defined in section 2.5.3, as well as some
exemplars of evaluation and assessment in the chemistry education research literature.
According to Bodner (2016) there are five different domains of evaluation and including
multiple domains in the evaluation of a program can provide a richer, more detailed
understanding of its impact on students. Holme and colleagues (2010) also advocated the use of a
variety of types of assessments in curriculum evaluation. The five domains of evaluation as
defined by Bodner (2016) are performance, affect, retention, transfer, and acculturation. While is
it is neither feasible nor desirable to collect data related to all five domains, this evaluation
considered the three domains of performance, retention, and transfer. This is in alignment with
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the stated goals of the courses and the reasons underlying the curriculum change. A variety of
data sources, including both quantitative and qualitative, were used to address these domains.
These data sources and methods of analysis are described in Chapter 3.

1.5

Guiding Research Questions
The overall purpose of this study was to evaluate the impact of the redesigned 1-2-1

chemistry curriculum for undergraduate life science majors on students. Accordingly, the study
was guided by the following research questions related to the evaluation dimensions of
performance, retention, and transfer.


How do students in the 1-2-1 sequence perform in organic chemistry compared to
students who took a traditional two-semester general chemistry course?



How do students in the 1-2-1 sequence perform in biochemistry compared to students
who took traditional general and organic chemistry courses?



What knowledge do students in the 1-2-1 sequence retain from general and organic
chemistry when they enter biochemistry?



How do students in the 1-2-1 sequence apply their knowledge of chemistry to biological
systems?
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LITERATURE REVIEW

2.1

Transfer of Knowledge
In this section, I first describe the variety of ways transfer has been defined in the literature

and theories from different fields of research. I also include efforts to synthesize this literature
base into consolidated theories of transfer. Then I discuss what this body of research suggests
about teaching to facilitate transfer. Finally, I highlight a few examples of how transfer has been
explored in empirical studies from several different research traditions, and where this study fits
in those lines of inquiry.

2.1.1 Cognitive Perspective
Transfer of learning is a construct that has been explored extensively in education and
psychology research. For a review of this literature see Day and Goldstone (2012). Since the
early 1900’s, researchers have proposed models of what transfer might be and how it occurs.
One of the earliest theories came from work in psychology by Thorndike and Woodworth (1901).
Their theory of identical elements states that the level of knowledge transfer depends on shared
elements between a training environment and the performance (transfer) environment.
Traditionally, transfer has been defined from the perspective of cognitive psychology as
“how knowledge acquired from one task or situation can be applied to a different one” (Nokes,
2009, p. 2). In this traditional approach, knowledge or skills to be transferred are identified in
advance from an expert point of view, and student performance is compared against an expert
metric to determine whether transfer has occurred. This is often accomplished via an
experimental design in which subjects are given materials to learn from, often called a training
task or initial learning condition, then given a subsequent task, referred to as the transfer task.
Their performance on the transfer task is evaluated based on pre-determined metrics and
compared to a control group that was not given the initial task. This is often referred to as the
“two-problem transfer paradigm” (Chi & VanLehn, 2012). This approach is well-suited to
answer research questions about whether transfer has occurred, and under what conditions (Gick
& Holyoak, 1980). This approach is useful, and research in this area has made significant
contributions to our understanding of human cognition and learning. However, the results of

11
these studies often have limited applicability in the classroom, and educators are still left
struggling with the issue of what to do to promote transfer in their students.
The cognitive psychology approach to studying transfer involves several assumptions. First,
it is assumed that learning actually takes place. As critics have pointed out, many so-called
“failures to transfer,” may be explained by insufficiently deep initial learning (Chi & VanLehn,
2012). Also, the influence of other factors, such as an individual’s prior knowledge, motivation,
attitude, and the influence of social interactions, are either controlled for as part of the
experimental design, or simply not accounted for. These factors may not be significant in the
relatively short time span and austere setting of an experiment conducted in a research lab, but
they are important parts of real educational settings, which calls into question whether the results
of these types of experiments are applicable to classroom learning.
Later researchers elaborated on the early behaviorist theories of transfer to discern
cognitive mechanisms responsible for transfer, using a variety of methodologies (Nokes, 2009).
These experiments elucidated different types of transfer, leading to an effort by researchers to
propose classification schemes to differentiate the different types. These included “far” versus
“near” transfer, defined as the distance between the initial learning task and the transfer task.
However, later research showed that task distance is not as simple as near and far, but is multidimensional (Barnett & Ceci, 2002). Task distance can also be perceived differently depending
on a person’s level of expertise, further complicating the construct of task distance. Another
major differentiation was made between high-road and low-road transfer, to suggest different
mechanisms by which transfer occurred (Salomon & Perkins, 1989). High-road transfer refers to
the conscious, cognitively-demanding application of prior knowledge to solve a problem,
whereas low-road transfer refers to the automatic use of skills gained in one context to perform
some task in a slightly different context (Salomon & Perkins, 1989).
The differentiation of types of transfer resolved some of the debate surrounding the
concept of transfer and helped to explain the results of some studies. A review of the literature by
Barnett and Ceci (2002) resulted in a framework that includes nine dimensions of transfer, three
related to content and six related to context. The authors classified studies of transfer in the
literature according to these dimensions from near to far transfer. While this can help us
understand the results of both individual transfer studies and how various studies relate to one
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another, this framework is too cumbersome to be useful in curriculum planning, classroom
teaching, or understanding how transfer occurs in typical educational settings.
Later theorists built on Thorndike and Woodworth’s (1901) theory of identical elements by
differentiating surface similarity and structural similarity. Gentner (1983) proposed that
successful transfer, or what she calls analogical reasoning, occurs when a person recognizes
similarities between the cognitive representations they have built of two situations. This idea
rests on the assumption that knowledge is represented symbolically in the mind in a way that
allows for flexible recombination of discrete elements (Markman, 1999). This recognition of
similarities, referred to as structure mapping, is based on shared deep structure, not surface
similarities, and allows a person to make reasonable inferences based on their prior knowledge
(Gentner, 1983).
Research in this area has shown that experts in a particular domain are better able to see
similar deep structure between situations, while novices focus on surface features and struggle to
recognize a shared deep structure (Chi, Feltovich, & Glaser, 1981; Larkin, McDermott, Simon,
& Simon, 1980). For example, extensive research in physics education has focused on
expert/novice differences in problem solving. In a classic study, Chi and colleagues (1981) used
a card-sorting task to show that experts in physics grouped problems on the basis of shared deep
structure (ex. conservation of energy problems), while novices grouped problems on the basis of
shared surface features (ex. problems involving a ramp). This finding has been replicated in a
variety of contexts, including math, biology, history, and chemistry, not only in the case of
problem solving, but also in how people interpret visual representations and explain complex
phenomena (Bowen, Roth, & McGinn, 1999; Hmelo-Silver, Marathe, & Liu, 2007; Jacobson,
2001; Kozma & Russell, 1997; Schoenfeld & Hermann, 1982). Taken together, these results
provide strong evidence that there is a difference between novices and experts in the way they
organize their knowledge, which is not adequately explained by a simple lack of content
knowledge on the part of the novices.
The proposed mechanism for the observed differences between experts and novices is
experts’ development of a cognitive schema for organizing their knowledge about a particular
discipline (Bransford et al., 2000). Even in an area that is not the expert’s area of expertise and
where they may lack specific content knowledge, experts in a discipline display particular ways
of thinking and assumptions that guide and constrain their reasoning (Wineburg, 1991). Novices
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tend to lack such well-developed schema or may have developed a less sophisticated
organization at intermediate levels, and so their knowledge is often described as fragmented
(Anzovino & Bretz, 2016; diSessa, 1993). Having a schema available facilitates transfer for
experts, whereas novices may perceive each instance as completely new and see surface features
as substantive, which can be a barrier to transfer (Chi & VanLehn, 2012). It has been suggested
that fragmented knowledge leads to inconsistent application of ideas across contexts, as novices’
knowledge can be highly sensitive to context (Teichert, Tien, Anthony, & Rickey, 2008; Yan &
Talanquer, 2015). This line of research has more useful implications for the classroom, as
educators can focus on helping students to develop schema.
The result of much of the research on transfer has been a documented widespread “failure
to transfer” (Chi & VanLehn, 2012; Day & Goldstone, 2012). This has serious implications for
education and calls into question the value of formal classroom education. If a presumed
motivation for formal education is for students to apply what they have learned outside the
classroom, the results of transfer research have dismal implications. This has led researchers to
rethink how transfer is defined, the mechanisms by which it occurs, research methodologies, and
whether transfer is even a valid construct worth investigating (Day & Goldstone, 2012; Hammer,
et al., 2005; Lave, 1988; Lobato, 2006).

2.1.2 Alternative Perspectives
Schwartz and colleagues (2005) re-conceptualized transfer not as strictly the application of
prior knowledge to a novel situation, but as “preparation for future learning.” This allowed them
to ask different types of research questions about what conditions could better prepare students to
learn from a lecture. In their seminal study, they gave students different tasks to prepare for a
lecture (Schwartz & Bransford, 1998). One group of students read a passage, while another
compared and contrasted two related passages. Both groups then attended a lecture. On a posttest, the group that did the “compare and contrast” activity outperformed the reading-only group
on tasks that assessed transfer. Similar results have been replicated in other fields (Schwartz et
al., 2005). For example, when students in statistics practiced analyzing data, they were better
prepared to learn from a worked example and were more successful solving transfer problems
(Schwartz & Martin, 2004).
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Other researchers have studied transfer from a motivational and social perspective. Perkins
and Salomon (2012) proposed a model of transfer that involves three “bridges,” first students
must detect that they have relevant knowledge for a particular situation, second, elect to pursue
that line of thought, and third, connect their prior knowledge to the new situation. This implies
that students must be motivated to make these connections, which could occur inside or outside
the classroom. It follows that the social environment of the classroom can have an impact on
students’ motivation, and thus, how they transfer their knowledge.
Engle and colleagues (2012) proposed that expansive framing of learning in the classroom,
which is influenced by the instructor and other social aspects of the learning environment, can
have an impact on transfer of knowledge by students. Framing is a construct that refers to how
people generalize on the basis of past experience to make sense of a given situation through a
dynamic, interactional process mediated by language (Tannen, 1993). Epistemological framing
refers to how learners make sense of and construct experiences around learning and knowledge
(Hammer, Elby, Scherr, & Redish, 2005). For example, based on Engle et al.’s (2012)
framework, a classroom environment that frames the knowledge in that class as useful outside
the class (i.e., in a future class that students will take, in students’ careers, or in their everyday
lives) will lead students to transfer knowledge more successfully than if knowledge is framed as
something useful only within the limited context of a particular class (i.e., to pass an exam or get
a good grade). There are several mechanisms proposed for how this process might occur, but
more evidence from classroom studies is needed to elucidate this.
Lobato (2003) proposed a different framework for understanding transfer, called the actororiented transfer (AOT) perspective, based on her work in design-based research in mathematics
education. In this framework, transfer is defined as “the generalization of learning, which also
can be understood as the influence of a learner’s prior activities on her activity in novel situations”
(Lobato, 2012, p. 233).
The actor-oriented transfer perspective allows for different types of research questions than
can be addressed by a traditional cognitive approach. In AOT, what knowledge is transferred is
not defined by the researcher in advance. Rather, it is determined from the data by asking what
particular knowledge and skills students thought were relevant and brought to a particular
situation. This allows researchers to ask questions about what knowledge is transferred and to be
open to unanticipated results, rather than just observe whether a particular pre-defined piece of
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knowledge transfers. This requires a different research methodology, often involving the use of
qualitative data. The nature of the qualitative data collected within a naturalistic study design
allows researchers to understand the meaning students develop from instruction (Patton, 2002).
This allows for the development of empirically based models to explain how and why transfer
may occur. For example, in Lobato’s work in mathematics education, she studied how students
understand and transfer ideas about slope (Lobato et al., 2003). She observed classroom sessions,
collected student work from assessments, and conducted interviews with students. This
methodology allowed the researchers to identify the relationship between the way particular
example problems were presented in class and students’ tendency to incorrectly generalize to
other problems, resulting in incorrect answers. The AOT perspective has been primarily used in
mathematics education, though it is well-suited for expansion to fields such as science and
chemistry education (Lobato et al., 2003; Lockwood, 2011).

2.2

Studies of Transfer in Chemistry Education
There have been few targeted studies of transfer in chemistry education research (CER) at

the undergraduate level. However, many studies address transfer without explicitly labeling it as
such. These studies can provide insight into how students may (or may not) transfer chemistry
knowledge under more realistic constraints. These studies take a variety of theoretical positions
on the nature of knowledge and how people learn, from which assumptions about transfer can be
inferred. Most of these studies were not explicitly framed as investigations of transfer, rather,
many were set up as “how do students apply X to Y?” or “how do students understand concept X
in context Y?” (Cartrette & Mayo, 2011; Ferguson & Bodner, 2008; Henderleiter, Smart,
Anderson, & Elian, 2001). In the next section, I will discuss the theoretical approaches,
methodologies, and results of some of these studies and how they fit into the various perspectives
on transfer from the theoretical literature reviewed above. There are two main questions address
in the following section: (1) how has transfer been studied (or not) in CER? And (2) what do the
results tell us about how students may transfer chemistry knowledge?
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2.2.1 Transfer Within a Chemistry Course
Researchers in chemistry education have studied how students apply ideas about
chemical phenomena in a variety of contexts within a particular course of study. Two notable
examples have looked at transfer in the context of general chemistry students’ understanding of
the particulate model of matter and molecular-level representations (Kelly & Jones, 2008;
Teichert et al., 2008). Teichert et al. (2008) asked students in interviews to describe and draw
molecular-level representations of the appearance and behavior of aqueous ionic compounds in
two different contexts: conductivity and boiling point elevation. The interviews included a
demonstration of the first phenomenon by measuring conductivity of salt solutions. In the
context of conductivity, most students correctly described and drew aqueous NaCl as comprised
of dissociated ions, and explicitly connected the presence of dissolved ions to the conductivity of
the solution. However, in the context of boiling point elevation, only about half of the students
indicated the presence of dissociated ions. Many students represented the NaCl solution as
“molecules” of “NaCl.” After prompting by the interviewer to compare their drawings from the
boiling point elevation context to their earlier drawings from the conductivity context, many
students corrected their drawings and represented NaCl as dissociated ions. The authors
explained these results by saying that the students had the relevant knowledge, but this
knowledge was not activated in the context of boiling point elevation. With cueing, however,
these ideas were activated, and students were able to incorporate them into their explanations.
This is consistent with other findings from the transfer literature (Gick & Holyoak, 1980).
What is particularly striking is that these contexts are chemically similar, and questions about
both contexts occurred within the same interview. The authors argued that the conductivity
context was more likely to activate students’ ideas about charged particles in solution, due to
their everyday and classroom experiences with conductivity (the students had recently completed
a laboratory module in which they measured the conductivity of solutions and drew molecularlevel representations of these solutions). Furthermore, boiling point elevation and other
colligative properties do not depend on the particles being charged. Additionally, the text
students read regarding boiling point elevation during the interview did not mention dissociated
ionic compounds explicitly; sugar (a molecular compound) was used as an example. Thus,
reading this text did not activate the idea in students’ minds that ionic compounds dissociate into
ions in aqueous solution.
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To further investigate the effects of cueing on what relevant ideas were activated in
students’ minds and confirm their idea that the context of conductivity was more likely to
activate the idea of dissociated ions, the authors gave students two different versions of the same
question on an exam. The question asked students to identify, from among a variety of solutions
of molecular and ionic compounds, the solution that contained the largest number of dissolved
particles. One version of the question included the statement “each solution listed below was
tested for conductivity,” while the other version did not have this statement. A greater percentage
of the students who had the version of the question with the statement about conductivity
answered correctly compared to those who did not.
A study by Yan and Talanquer (2016) on students’ reasoning about chemical reactions
also demonstrated the importance of context. In this study, students’ ideas and modes of
reasoning varied by the type of chemical reaction being discussed. The activation of different
ideas was sensitive to the explicit features of the representations of chemical reactions shown to
students. The type of task students are asked to perform can also influence which modes of
reasoning and ideas are activated in a given context (Weinrich & Talanquer, 2015).
A study by Kelly and Jones (2008) also examined students’ molecular-level ideas about
the dissociation of ionic compounds in aqueous solution that falls within the traditional twoproblem paradigm of studying transfer. In this study, students first viewed two molecular-level
animations of NaCl dissolving in water and were asked to explain and draw representations of
the resulting solution. While not exactly a problem-solving exercise, this can be thought of as the
training problem or initial learning in the two-problem paradigm. One week later, the same
students viewed a video of a demonstration of a precipitation reaction between NaCl and AgNO3
and were asked again to explain and draw representations of the solutions. The video did not
contain any molecular-level representations and could be labeled as the “transfer problem.” In
the initial interview, all 18 students in the study correctly drew molecular-level representations of
aqueous NaCl solutions depicting dissociated ions surrounded by a hydration shell of water
molecules. However, in the context of the precipitation reaction, most students depicted an
aqueous solution of NaCl as “molecules” of NaCl or an ionic lattice, similar to the results of the
Teichert et al. (2008) study. Following explicit prompting by the interviewer to think about the
prior activity in which they made aqueous solutions of NaCl by mixing solid NaCl and water,
many students revised their molecular-level drawings to show dissociated ions. While these
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authors did not have students explicitly compare their drawings, as in the Teichert et al. (2008)
study, the prompting had a similar effect. This is also consistent with other studies on the effects
of cueing for activating relevant prior knowledge (Gick & Holyoak, 1980).
In organic chemistry, Weinrich and Sevian (2017) investigated how students solve
mechanism problems by analyzing how they map their representations of prior knowledge to
problems they had not seen before. Their work was based on Gentner’s (1983) structure-mapping
theory of analogical reasoning. The researchers asked students to provide mechanisms for
reactions that were similar, but not identical, to ones they had seen before and characterized both
the level of abstraction in the representations that students created and how they mapped their
stored knowledge to their representations of the novel problems (Weinrich & Sevian, 2017). The
results suggest that higher levels of abstraction are correlated with proposing plausible reaction
mechanisms, and that strict matching based on memorized information is less likely to lead to a
plausible reaction mechanism (Weinrich & Sevian, 2017). This is consistent with theories of
transfer that suggest transfer is accomplished by successfully mapping features of a new situation
to a previously encountered situation through the abstraction of prior learning (Salomon &
Perkins, 1989).
Taken together, the findings from these studies of transfer in CER are consistent with one
another as well as the results of broader research on transfer. All highlight the influence of
context and cueing on student thinking and the activation of relevant knowledge. Students have
difficulty transferring relevant knowledge when the context is different, though this is helped
somewhat by explicit cueing or prompting. All of the studies discussed here took place outside of
the classroom and over a short time-span, ranging from within a single interview to two
interviews a week apart. In the classroom, students are often expected to apply relevant
knowledge learned weeks or perhaps years ago to new contexts in a challenging and dynamic
social environment. The results of these small-scale studies would predict poor student
performance on such tasks.

2.2.2 Transfer from General Chemistry to Organic Chemistry
One major category that is particularly relevant in the context of the 1-2-1 curriculum is
studies of how students apply knowledge of a particular concept from general chemistry to
organic chemistry. A large number of students in a wide variety of science and engineering
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majors take general and organic chemistry immediately following one another in their first two
years of study. It is not surprising that researchers would ask questions about how students apply
their knowledge, since for expert chemists, many of the concepts, models, and theories
introduced in general chemistry have explanatory power in understanding the structures and
reactions seen in organic chemistry. Two major content areas, acid-base chemistry and structureproperty relationships, have been studied most extensively in the literature (Graulich, 2015).
Cartrette and Mayo (2011) studied students’ understanding of acids and bases in the
context of organic molecules and reactions. A majority of the students in the study remembered
learning about acids and bases in their general chemistry course and could readily provide
definitions and examples of acids and bases. The students could also identify structural factors
that contributed to the acidity or basicity of a particular compound. However, they struggled to
construct appropriate explanations for how structural factors determined relative acidity. In
addition, very few students made connections between the properties of acids and bases and
those of electrophiles and nucleophiles. The authors concluded that many of these students’
difficulties were the result of applying the Brønsted model of acids and bases, rather than the
Lewis model, which would have been more appropriate for the situation, simply because they
were more familiar with the Brønsted model from their general chemistry classes. From a
transfer perspective, this suggests that students were attempting to make sense of the new
situation (organic compounds) using what they already knew (Brønsted acids and bases from
general chemistry). However, because the students lacked expertise in when to use this model
and when another model would be more fruitful, they had trouble generating scientifically
acceptable explanations.
Acid-base chemistry is one of the most widely studied concepts in the literature on
student understanding of organic chemistry (Graulich, 2015). McClary and Talanquer (2011)
studied students’ mental models of acids and acid strength by asking them to predict and explain
trends in relative acidity among sets of organic compounds. The authors identified four distinct
types of mental models, though some students used multiple models, indicating that these models
are not necessarily stable for students at this level. They characterized the models as synthetic
mental models that bear some resemblance to scientifically accepted models of acidity (Brønsted,
Lewis, etc.) but also incorporate other features based on intuitive assumptions about the
properties of chemical substances.

20
Cooper and colleagues (2016) also characterized student reasoning about acid-base
reactions, but from a slightly different approach. They characterized students’ use of Brønsted
and Lewis models, but further differentiated between descriptive (what is happening), causal
(why is it happening), and mechanistic (how is it happening) explanations. When the structure of
the assessment prompt was altered, the proportion of students providing each type of explanation
shifted, which highlights the flexibility in students’ use of different models and the potential
instability of their mental models (McClary & Talanquer, 2011).
Using a different approach, Flynn and Amellal (2016) studied how students understand
and use pKa values to reason about acid-base chemistry. The authors found that students
struggled to reasonably estimate pKa values based on the structure of a compound. In addition,
students struggled to apply an understanding of pKa values to tasks such as determining the form
of a compound with multiple ionizable protons present at a given pH, determining the net
direction of equilibrium in an acid-base reaction, and providing an appropriate reagent to
deprotonate a particular compound.
In their study of how students in organic chemistry use the arrow-pushing formalism to
draw reaction mechanisms, Ferguson and Bodner (2008) identified four barriers to sense-making
for students. One of these, “inability to apply,” is a direct reference to transfer, and two others,
“inability to recall” and “poorly understood content,” are related to transfer (Ferguson & Bodner,
2008). Many students had weak prior knowledge or could not recall specifics of concepts they
learned in general chemistry, which led them to struggle with proposing plausible mechanisms
for reactions in organic chemistry. Even students who correctly remembered concepts from
general chemistry struggled to apply these concepts because they were only at the level of factual
declarative knowledge, the students’ understanding was not deep enough to provide an
organizing schema that could be used to think productively about the mechanisms of chemical
reactions. The authors suggested that all three of these issues are related and stem from a lack of
sufficiently deep learning in general chemistry, which is consistent with one common
explanation for why a failure to transfer is often observed in novices (Chi & VanLehn, 2012).
There are other factors in students’ understanding of reaction mechanisms, such as spatial
reasoning and representational competence, but these issues too may stem from a lack of
connections between lines and arrows drawn on paper and fundamental concepts of chemistry
(Bhattacharyya & Bodner, 2005). If a student lacks conceptual understanding and does not have
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operational knowledge to apply, then the exercise of drawing a reaction mechanism becomes
meaningless. Cooper and colleagues (2016) demonstrated that students who constructed verbal
explanations that invoked causal mechanistic explanations were more likely to draw correct
curved arrow reaction mechanisms. This suggests that students’ understanding of chemical
representations is related to their understanding of the underlying chemical phenomena being
represented.
In a similar fashion, Henderleiter and colleagues (2001) studied how students in organic
chemistry applied the concept of hydrogen bonding to understanding the physical properties of
organic compounds. The majority of the students in the study were able to correctly define
hydrogen bonding and identify its occurrence. About half of the students correctly predicted
trends in physical properties, such as boiling point and solubility, but many of them struggled to
explain those trends based on intermolecular forces. This is consistent with work by Cooper and
colleagues that suggests students begin to recognize the relationship between structure and
properties of molecules based on intermolecular forces as a mediator later in their chemistry
education (Underwood et al., 2016; Williams et al., 2015). It also shows an overreliance on rote
memorization of facts, consistent with the findings of Ferguson and Bodner (2008), which leads
students to have trouble applying their knowledge and building scientifically sound explanations
(Grove & Bretz, 2012). DeFever and colleagues (2015) demonstrated that even senior chemistry
majors relied primarily on memorized facts about specific chemical compounds when asked to
provide examples of substances with particular physical properties, rather than reasoning based
on molecular structure and intermolecular forces.
In a review of research on organic chemistry education, Graulich (2015) suggested that
two major conceptual categories, acid-base chemistry and structure-property relationships, have
been most widely studied. While she only includes physical properties, such as solubility and
melting/boiling points in structure-property relationships, chemical properties that dictate how a
molecule will react based on its structure are also important in studying organic chemistry. This
category perhaps subsumes acid-base chemistry, but includes additional factors such as
nucleophiles and electrophiles, electron distribution, steric effects, and stereochemistry.
Several studies have targeted students’ understanding of concepts that can be described as
relating to chemical properties and reactivity of organic compounds. De Arellano and Towns
(2014) observed that students’ difficulties classifying substances as acids, bases, nucleophiles,
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and electrophiles and assessing their relative strengths hindered their ability to understand and
explain simple alkyl halide reactions. Anzovino and Bretz (2015; 2016) studied students’
understanding of electrophiles and nucleophiles in organic chemistry. They found that students
relied primarily on explicit structural features, such as charge, to identify electrophiles and
nucleophiles, rather than information about relative electron density that must be inferred from
structural representations and requires application of additional knowledge about
electronegativity, molecular geometry, and other basic chemistry concepts (Anzovino & Bretz,
2015). When charges were not salient in the reactants, the students relied on reaction
mechanisms to determine which species were charged at some point during the reaction, and
based their identifications of electrophiles and nucleophiles on that information. In a follow-up
study, students’ cognitive structures regarding electrophiles and nucleophiles were probed using
concept mapping (Anzovino & Bretz, 2016). The researchers constructed concept maps based on
students’ interview responses and compared these to concept maps constructed by experts in
organic chemistry. The students’ maps contained fewer connections between concepts and
focused more heavily on structure over function in comparison to the expert maps. Consistent
with the previous study, almost all of the students mentioned charge as a defining feature of
electrophiles and nucleophiles (Anzovino & Bretz, 2015). This finding is consistent with theories
on how experts organize their knowledge in highly integrated schema based on deep conceptual
structure, whereas novices possess more fragmented knowledge and focus more on surface
features (diSessa, 1993). In organic chemistry, experts tend to organize their knowledge around
functional groups based on the underlying principle of electron density, which subsumes
knowledge about the relationship between structure and physical and chemical properties
(Taagepera & Noori, 2000). This is reflected in most popular organic chemistry textbooks, which
tend to be organized around functional groups (Johnson, 1990).
Experts’ understanding of reactivity in organic chemistry goes beyond simple
categorization of compounds based on functional groups, something which advanced novices are
generally capable of, to consider the emergent properties of compounds containing multiple
functional groups that interact with one another through electronic and steric factors (DeFever et
al., 2015; Domin et al., 2008). To do this requires consideration of underlying chemical
properties. A study by Akkuzu and Uyulgan (2016) suggested that students’ challenges with
thinking about functional groups as an organizing principle with explanatory power stems from
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their lack of sufficiently deep knowledge of basic concepts from general chemistry. This is
consistent with findings from other studies (Ferguson & Bodner, 2008; Henderleiter et al., 2001)
that support the claim that a variety of students’ difficulties in organic chemistry are related to a
lack of understanding of general chemistry concepts.

2.2.3 Transfer from General and Organic Chemistry to Biochemistry
Far less research has been conducted on student understanding of biochemistry as
compared to general and organic chemistry. A few studies have investigated how students in
biochemistry understand topics first introduced in general chemistry (Orgill & Sutherland, 2008;
Wolfson et al., 2014). While it is possible to view almost any topic covered in a biochemistry
course as an application of basic chemistry, these studies are not explicitly framed in this way.
However, they can tell us something about what kinds of knowledge students bring with them to
biochemistry classes and how they apply their knowledge.
Orgill and Sutherland (2008) investigated biochemistry and general chemistry students’
understanding of buffers. The authors found that biochemistry students were generally able to
solve quantitative buffer problems, but they did not always understand why they were
performing certain steps or how this related to the concepts underlying buffers. This finding was
attributed to the focus in general chemistry primarily on quantitative problem solving and less on
understanding concepts underlying buffers such as acid/base reactions and chemical equilibrium.
While particular misconceptions were observed to be less prevalent among biochemistry students
in comparison to general chemistry students, the authors did not probe the reasons for this. It
could be that students learned more about buffers in other classes, including biochemistry, or had
more time and opportunities to practice.
Students’ understanding of concepts related to energy have also been studied with general
chemistry and biochemistry students. Wolfson and colleagues (2014) conducted a study in which
general chemistry and biochemistry students were interviewed about their understanding of
energy in chemical systems. The authors also examined what knowledge related to energy that
students transferred from general chemistry to biochemistry. Particular ideas were classified as
more or less well understood by students in general chemistry. Consistent with the results of the
study by Orgill and Sutherland (2008), misconceptions were less prevalent among biochemistry
students, but some appeared particularly persistent, including the idea that enzymes can affect
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the change in Gibbs free energy for a reaction and therefore the spontaneity of a reaction. The
results suggest that students experience many difficulties in transferring their knowledge of
energy from general chemistry to biochemistry. Many biochemistry students in the study also
appeared to lack an understanding of how conditions in biological systems differed from possible
conditions in a laboratory setting and how these conditions affect the energetics of reactions.
Sears and colleagues (2007) investigated student difficulties with understanding
reversible ligand-binding reactions in biochemistry. Since these reactions are treated as situations
involving chemical equilibria, and in general chemistry equilibrium is taught mostly in the
context of acid-base chemistry, the authors identified students’ understanding of acid-base
equilibrium as a potential source of difficulty. Students were given a pre-test at the beginning of
their biochemistry coursework with questions related to acid-base equilibrium, on which they
generally performed poorly. The authors saw this as a case of “lack of sufficiently deep initial
learning” (Chi & VanLehn, 2012). Students also had trouble understanding how conditions in
biological systems differ from the range of conditions in a laboratory, a finding consistent with
Wolfson et al.’s (2014) study of students’ understanding of energy. In addition, the authors
suggest that discussing equilibrium in such a narrow range of contexts in general chemistry may
hinder students’ ability to extend their knowledge to other instances of equilibrium in
biochemistry, including amino acid chemistry and enzyme kinetics. This conclusion is in line
with the view that expansive framing may aid transfer (Engle et al., 2012).
Linenberger and Bretz (2014) studied biochemistry students’ understanding of enzymesubstrate interactions. This topic is typically not introduced in depth until biochemistry, but is
predicated on concepts about non-covalent interactions from general chemistry (Luxford &
Holme, 2015). Students in the study were generally good at recognizing the role of electronic
factors including interactions between charged groups and hydrogen bonding in enzymesubstrate complementarity. Many students also discussed geometric factors, mainly size and
shape of the substrate needing to “fit” the enzyme. However, only one student out of fifteen in
the study mentioned the role of stereochemistry in enzyme-substrate specificity.
Stereochemistry is a topic usually introduced in organic chemistry. Students’
understanding of stereochemistry was not explicitly probed in the study by Linenberger and
Bretz (2014), so we do not know whether they lacked knowledge of this topic or had prior
knowledge but did not see it as relevant to the task at hand. In the study design, students were
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asked to describe their understanding of enzyme-substrate interactions, and also to respond to
two different representations in interviews. It can be inferred from the results that
stereochemistry is not readily brought to mind for most students when considering enzymesubstrate interactions. Neither representation shown to students in the study contained any
explicit information about stereochemistry. One of the representations contained only
information about geometric complementarity, and it is not surprising that most students
mentioned only factors related to shape in response to this representation. The other
representation contained explicit information about electronic factors, which more students
mentioned in response. This is consistent with broadly accepted findings that students are much
more likely to attend to explicit surface features than implicit structural features in
representations (Kozma & Russell, 1997). Cognitive models of transfer also suggest that in order
for transfer of prior knowledge to occur, students must see their knowledge as relevant to the
task at hand (Perkins & Salomon, 2012). These results, while confined to a small study on one
topic in biochemistry, suggest that tasks and representations used in biochemistry courses may
cue certain types of prior knowledge more than others. Specifically, concepts from general
chemistry are cued more often than those from organic chemistry.

2.2.4 Transfer Between Chemistry and Other Disciplines
Research has investigated how students transfer or apply knowledge from other fields,
including mathematics, physics, and biology, to chemistry (Dreyfus et al., 2013; Geller et al.,
2013; Haudek et al., 2012; Orgill & Sutherland, 2008; Watters & Watters, 2006). While this type
of transfer is not the main focus of this study, which is limited to chemistry courses, a few
studies bear mentioning in understand how transfer has been conceptualized and studied in
science education more broadly.
Mathematics is particularly salient in physical chemistry topic areas such as
thermodynamics and kinetics. One proposed explanation for students’ difficulties in these areas
is lack of mathematical knowledge and difficulty applying that knowledge in a chemistry context
(for reviews, see Bain et al., 2014 and Bain & Towns, 2016). Correlations have been found
between students’ mathematical problem-solving abilities and performance in chemistry courses
(Nicoll & Francisco, 2001). However, evidence is inconclusive as to whether stronger
mathematical knowledge results in more successful transfer in a chemistry context. An
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understanding of mathematics is certainly a necessary condition, but it may not be sufficient for
understanding particular aspects of chemistry, as proposed theories of transfer depend on more
than just prior knowledge (Hoban et al., 2013). Mathematical knowledge is often cited as a case
of inert knowledge, where students do not recall and apply relevant knowledge they may have in
another context (Meyer & Land, 2003).
Students’ use of mathematics in the topic area of acid-base chemistry has also been
studied, primarily at the general chemistry level. Watters and Watters (2006) found that a lack of
understanding of logarithms was a significant impediment to understanding acid-base concepts
such as pH, which is based on a logarithmic scale. Students could perform pH calculations, but
struggled to connect the numbers to a physical reality or chemical model (Watters & Watters,
2006). Orgill and Sutherland (2008) found that students had difficulty solving quantitative buffer
problems in part because of challenges in relating equations to chemical models of buffers.
In the context of biology, Haudek and colleagues (2012) found that students in an
introductory biology course had difficulty applying concepts from acid-base chemistry to the
behavior of biological molecules. The authors suggested that the students’ lack of familiarity
with common biological acids and bases, which they had not seen in general chemistry, inhibited
their ability to transfer their knowledge, since they were only familiar with strong acids and
bases that are typically not seen in biological systems (Haudek et al., 2012).
Researchers in physics education have also investigated students’ understanding of
concepts that cross the disciplinary boundaries of physics, chemistry, and biology (Dreyfus et al.,
2012; Geller et al., 2013). The ways in which students reason about such concepts can be
influenced by the students’ perception of disciplinary expectations. For example, when reasoning
about the “high-energy bond” in ATP, students gave different explanations depending on
whether they were in biology or physics courses, and seemed aware of this apparent
contradiction (Dreyfus et al., 2013).
This finding highlights the influence of framing within a particular discipline, or even
within a particular course or sub-discipline (Hammer et al., 2005). Students are taught about
concepts, such as energy, in many of their introductory science classes, and often struggle to
reconcile the different ways these concepts are presented (Cooper & Klymkowsky, 2013). One
reason for this may be that students have never been prompted to consider these apparent
contradictions. One study, for example, found evidence of conceptual change when students
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were confronted with a heuristic and prompted to explain the reasoning behind the heuristic
based on chemical and physical principles (Geller et al., 2013). Without explicit prompting,
however, students may not make these connections and instead compartmentalize their
knowledge.

2.2.5 Summary
The results of these types of studies suggest, broadly, that students struggle to
meaningfully apply concepts either as a result of shallow learning at the general chemistry level
or misconceptions remaining after general chemistry, combined with a lack of instructional
support in organic chemistry to help students integrate their prior knowledge with new learning.
Many studies also provide evidence to support the notion that not remembering things learned in
earlier courses represents a significant barrier to transfer. While most of these studies do not
explicitly describe a model of transfer, it can be inferred based on how they present their data
and conclusions how the authors conceptualize transfer. The most common explanation offered
by the authors for students’ failure to transfer is a lack of sufficiently deep initial learning
because of a focus on rote memorization. Whether this is a function of the students or their
instructors has been debated, the true answer is probably somewhere in the middle (Anderson &
Bodner, 2008; Grove & Bretz, 2012). The focus is overwhelmingly on conceptual understanding
and students’ cognitive structures, also referred to as mental models or schema.
The topics that have received the most attention in this literature provide evidence of
what is valued by educators and researchers. Some research has focused on how students apply
particular concepts within a course in different contexts (Kelly & Jones, 2008; Teichert et al.,
2008). How students apply concepts from general chemistry to organic chemistry has received a
lot of attention, and application of concepts from general chemistry to biochemistry has received
some attention, but less so since biochemistry education research is a smaller field. However,
application of organic chemistry to biochemistry has been almost completely ignored, with the
exception of results from Linenberger and Bretz’s (2014) study. In their development of an
instrument to assess students’ prior knowledge upon beginning coursework in biochemistry,
Villafañe and colleagues (2011) focused only on concepts from general chemistry and
introductory biology, leaving out organic chemistry. In their work defining threshold concepts
for undergraduate biochemistry, Loertscher and colleagues (2014) alluded to some concepts from
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organic chemistry but did not discuss them explicitly. Curriculum reform in biochemistry has
typically been more aligned with reform in biology education, rather than chemistry. As a result,
discussion has centered more on how biochemistry fits in the “big ideas” of biology
(Klymkowsky, 2010). Organic chemistry has largely been left out of the discussion of
curriculum change in biochemistry, despite the fact that it is typically a prerequisite for
biochemistry courses. This also aligns with the commonly held view among life science students
that organic chemistry is not relevant to their education and careers.
It is also interesting to note that very few of the studies reviewed above explicitly refer to
transfer, though the positions they take are consistent with theories on transfer. All of these
studies together paint a dismal picture of the potential for students to transfer knowledge learned
in chemistry, if indeed they have learned anything at all.

2.3

Retention of Knowledge
Up until this point, we have been considering transfer as a construct assuming that people

have some knowledge they could potentially transfer. Researchers have questioned this
assumption by studying the influence of prior knowledge on transfer or differentiating the level
of individual’s initial learning (Schwartz et al., 2005). Results from studies in this area support
the finding that level of prior knowledge is a powerful mediator of transfer (Chi & VanLehn,
2012; Day & Goldstone, 2012). However, most of these studies have been conducted in
laboratory settings where conditions were carefully controlled. In the context of classroom
learning, an additional variable must be accounted for: time. In college classes, students are
frequently asked to apply what they have learned in a relatively short time span, i.e. students
learn a particular topic and then take an exam a few weeks later, or maybe a final exam at the
end of the semester. But in other cases, students are asked to recall information and apply it years
later in a very different context. For example, the entire model for medical education is built
upon students spending their first two years in medical school accruing a knowledge of basic
science (chemistry, biology, physiology, etc.) and then the subsequent years applying this
knowledge to the clinical diagnosis and treatment of disease (Custers, 2010).
While the early cognitive theorists assumed knowledge was a stable representation stored
in memory, more recent research has revealed memory to be much more complex, particularly in
the area of higher learning (Taber, 2003). Some studies suggest that students forget a large

29
portion of what they learned in school, painting a rather dismal picture (Custers, 2010). However,
other studies have found substantial long-term retention of knowledge in a variety of areas
(Semb & Ellis, 1994). In light of these results, some educators have argued that the goal should
not be to teach for long-term retention, rather to teach in a way that reduces the time for a student
to re-learn something at a later point. Others claim that long-term retention is still a valuable goal
to be aimed for, even if students are unlikely to remember everything that they learn in school.
Whatever the approach taken to teaching, in studying learning over a long period of time, issues
related to retention of knowledge must be considered.

2.3.1 Theoretical Perspectives on Retention
Ausubel (1962) was one of the first educational theorists to propose a theory of learning
related to retention of knowledge. He posited that meaningful learning, as opposed to rote
learning, led to greater long-term retention. In his view, meaningful learning requires that new
information be related to what a learner already knows and assimilated into a cognitive structure
(Ausubel, 1962). This theory is consistent with the results of laboratory studies in cognitive
psychology that have found higher retention for meaningful material.
The study of retention of knowledge originates in cognitive psychology laboratory
experiments, which typically tested the ability of subjects to recall information over time (Briggs
& Reed, 1943; Ebbinghaus, 1885/1913). These investigations led to the conclusion that retention
declines rapidly immediately following learning, then stabilizes to a relatively constant level
(Ebbinghaus, 1885/1913). The amount of time and level at which knowledge stabilizes vary
according to the nature of the information to be retained, with meaningful information (ex. words)
being retained at a higher level than non-meaningful content (ex. nonsense syllables) (Briggs &
Reed, 1943). Later researchers conducted laboratory experiments exploring the impact of
additional variables on memory, such as learning conditions, nature of the material, type of test,
incentives for learning, as well as individual characteristics including age and level of prior
knowledge (for a review, see Dunlosky et al., 2013). What happens between the time of initial
learning and when retention is measured also influences retention. Studies have found that
practice at retrieval through testing leads to increased long-term retention of knowledge
(Karpicke & Roediger, 2007; Roediger & Butler, 2011). This has implications for classroom
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assessment, as it suggests that topics students are frequently assessed on are likely to be better
retained.
While these results are important to understanding how memory functions, researchers
have raised concerns over their validity and relevance to real learning situations, including
classroom settings. As in the case of transfer of knowledge, there are many variables operating
simultaneously that could potentially impact students’ retention in real educational settings; these
variables are typically controlled for in laboratory experiments. As such, many researchers have
studied retention in more naturalistic environments.
Semb and Ellis (1994) conducted a review of the literature on retention of knowledge in
classroom and school settings. They identified six variables that affect retention of knowledge,
including (1) task type and content, (2) time between initial learning and testing, known as the
retention interval, (3) conditions of retrieval, (4) degree of initial learning, (5) instructional
strategies, and (6) individual differences. One of the most robust findings included in the review
was that retention is supported by additional learning in a domain (Bahrick, 1979; Semb & Ellis,
1994). For instance, students who major in chemistry and take additional courses will remember
more from their general chemistry coursework compared to students who took no further
chemistry courses after general chemistry. The purported mechanism for this is that a student
majoring in chemistry has a reason to frequently recall knowledge from general chemistry, as it
is relevant to specific areas of chemistry he or she may be learning about. Frequent recall and
application in a variety of contexts strengthens the memory trace for a particular piece of
knowledge, connecting it to other pieces of knowledge and making it more likely to be recalled
later (Karpicke & Roediger, 2007). This is consistent with Ausubel’s (1962) theory of
meaningful learning, as well as the popular saying “use it or lose it.” Essentially, information that
a person thinks about frequently in a meaningful way is more likely to be stored in long-term
memory and recalled readily (Willingham, 2009). Information that a person does not think about
often is more likely to be forgotten over time. While this may seem obvious, it has important
implications for education and the structuring of curricula. Unfortunately, this issue has not been
explored much in chemistry and science education research.
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2.3.2 Studies of Retention in Chemistry and Science Education
Very few studies have investigated retention of knowledge over a time period longer than
a semester or perhaps a year of a single course. This is partially due to the difficulty of
conducting such studies, which requires contacting and recruiting students to participate after
they have left a course, in addition to waiting years to collect data. Tracking a cohort of students
for a period of multiple years through multiple different courses also has logistical difficulties.
At many universities, particularly large institutions, students have freedom in selecting the
courses they take because there are several options for courses that will satisfy requirements
within a major, and courses do not necessarily have to be taken in consecutive semesters. In
addition, different instructors might teach the same course in different semesters, further
increasing the variability of paths students may choose to take. This makes comparison of
individual students difficult, if researchers can manage to get them to participate in the first place.
Despite these challenges, a few studies have tracked students as they progress through a
program of study. Many of these studies were done with medical students because of the nature
of the program, students tend to move through in cohorts that are easier to track. In a review,
Custers (2010) presented the results of studies looking at how well medical students retained
knowledge of basic science after taking pre-clinical courses. The general trend was that students
showed a sharp drop-off in knowledge retained within a short period of time after completing a
course, but this decline leveled off after a longer period. Though the length of time under study
and both the sharpness and length of the decline varied between studies, in part, as the author
notes, due to differences in methodology, the general results matched that of laboratory studies
of memory (Custers, 2010). While there was markedly better retention over time of science
knowledge that was meaningful to learners compared to meaningless nonsense syllables used in
laboratory experiments, the general tendency was the same.
In chemistry education, Taber (2003) conducted a unique study of memory and retention
of knowledge. In this study, the researcher describes a case study of one student, who had
participated in a previous larger-scale study on students’ conceptions of chemical bonding, and
returned four years later, after his education in chemistry had ended, to be interviewed again.
While the student had retained some of his understanding of concepts gained through his
experiences in chemistry courses (as shown in the previous study), in some instances he reverted
back to his prior, pre-instructional conceptions. In other instances, his conceptions had actually

32
changed since the prior study, even though he had not experienced additional chemistry
instruction. This suggests that information in memory is not stable, that it is not a simple binary
situation of either remembering or forgetting. Some instances characterized as forgetting may in
fact be cases where a student has some knowledge and remembers it, but that particular
knowledge in not brought to mind (or activated) in a particular context (or stimulus).
One study looked at students’ time-dependent retention of knowledge within a chemistry
course (Bunce, VandenPlas, & Soulis, 2011). Students in two different general chemistry courses
took an exam and then were given selected questions from the exam at intervals ranging from
two to seventeen days following the exam. The authors found a significant decrease in students’
performance on the exam after two days, which then stabilized, in the chemistry course for nonscience majors, while they found no significant decrease in the chemistry course for nursing
majors. The difference was attributed to the structure of the curriculum and organization of
chemistry content. The course for nursing majors utilized a spiral curriculum with regular
quizzes and a cumulative final exam, whereas the course for non-science majors did not have
these attributes. However, it cannot be discerned from the data which of these components, or
some interaction between them, accounted for the higher retention of knowledge among the
nursing students. One possible explanation, lack of motivation on the part of non-science majors,
was explored by measuring students’ self-efficacy, but this did not explain the lower
performance. There may also have been differences in the nature of the assessments used, which
can have an impact on retention of knowledge (Semb & Ellis, 1994). It is difficult to draw
general conclusions from the Bunce et al. (2011) study, as it was conducted with a narrow
population in a specific context, but it raises the possibility that a significant decay in students’
knowledge could occur over an interval as short as two days following an exam.

2.3.3 Retention Summary
Without much empirical research to draw on regarding students’ retention of knowledge in
chemistry, results from education and cognitive science research more broadly offer some
suggestions that are useful for this study. First, it is unrealistic to expect that students will
remember all of what they learned; education should not be judged as a failure if it does not
bring about this outcome. Second, the extent to which students learn material in the first place
has an important role in retention, and therefore needs to be assessed. However, traditional forms
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of assessment do not necessarily differentiate meaningful learning from rote learning, and so
high performance on these types of assessment is not necessarily indicative of deep, meaningful
learning. Third, and probably most importantly, what a student does with their knowledge
between the time of initial learning and the time when retention is assessed has a powerful
influence on what they remember. These assumptions, taken from an accumulated body of
research in cognitive and educational psychology, guided the design and interpretation of data
from the part of this study that deals with students’ retention of knowledge within the 1-2-1
course sequence.

2.4

Curriculum Reform and Evaluation in Chemistry
I would like to make an important distinction between curriculum reform and

pedagogical reform. Curriculum refers to what content is taught, while pedagogy refers to how
that content is taught. While the relationship between these two aspects of classroom instruction
is important, and several well-designed reforms in chemistry have considered them in concert
(Cooper & Klymkowsky, 2013; Talanquer & Pollard, 2010), this study will consider curriculum
reform only. All instructors make pedagogical choices, regardless of whether they teach
primarily through lectures or incorporate more student-centered methods, including instructors of
the 1-2-1 courses, that presumably have an influence on student learning, but that will not be
considered in this study. This study will not focus on pedagogical changes in the classroom,
though these approaches, and the evaluation of their efficacy, are of value to educators and
researchers. In the 1-2-1 curriculum, major changes were made to the content and structure of all
four courses in the sequence, accordingly, students’ learning of content will be the primary focus
of this evaluation. In this section, I will briefly describe some of the ways others have enacted
curriculum reform in undergraduate chemistry, the ways in which these reforms have been
evaluated, and the results of such evaluations.

2.4.1 Examples of Curriculum Reform
There are many examples of curriculum reform in the chemistry education literature.
General chemistry is the most common course targeted, but recent efforts have also been directed
at reforming organic chemistry and biochemistry (Cooper & Klymkowsky, 2013; Flynn &
Amellal, 2016; Rowland et al., 2011; Talanquer & Pollard, 2017).
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In general chemistry, the conversation is still centered largely on pedagogical changes in
the classroom, however, a few efforts have focused on evidence-based curriculum changes
(Cooper & Klymkowsky, 2013; Talanquer & Pollard, 2010). At Michigan State University,
Cooper and colleagues have structured their general chemistry curriculum, Chemistry, Life, the
Universe, and Everything (CLUE) around three core concepts (molecular-level structure,
macroscopic properties, and energetics) that are consistently revisited and reinforced throughout
the two-semester sequence (Cooper & Klymkowsky, 2013). Each core concept is structured
around a research-based learning progression, as this group advocates for curriculum reform that
is firmly based in discipline-based educational research (DBER) (Cooper, Underwood, Hilley, &
Klymkowsky, 2012; Cooper et al., 2015). Talanquer (2014) has also been an advocate for using
DBER to reform science curricula and has developed a general chemistry curriculum at the
University of Arizona in accordance with this (Talanquer & Pollard, 2010). His curriculum,
Chemical Thinking, is also informed by research-based learning progressions and centers around
answering overarching questions of interest to chemists.
In organic chemistry, discussions have centered on updating the curriculum for chemistry
majors as well as making it more relevant for non-majors (Brenner, 2013; Goldish, 1988). For
chemistry majors, the traditional organic curriculum has been criticized for being outdated, with
instructors relying too heavily on textbooks and not bringing in current research on modern
reactions and methods used in synthesis (Goldish, 1988; Johnson, 1990). Suggestions for reform
include organizing the curriculum around questions asked by modern organic chemists,
incorporating more use of chemical information and databases, and explicitly teaching strategies
for synthesis (Bhattacharyya & Bodner, 2005; Bode & Flynn, 2016; Flynn & Amellal, 2016;
LaFarge et al., 2014).
For students who are not majoring in chemistry but are science majors such as biology
that require coursework in organic chemistry, there is a movement toward teaching more
biologically-relevant molecules and reactions, such as carbonyl chemistry, and incorporating
more biological examples (Brenner, 2013; Kirk, et al., 2006). The idea behind this is that it will
positively impact students’ attitudes towards organic chemistry, and it could help prepare them
for future study in biochemistry and biology.
High attrition and failure rates are a serious concern for non-chemistry majors in organic
chemistry, as it is often perceived as a “weed-out” class, particularly by premedical students
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(Grove et al., 2008). One attempt to address this issue, while also targeting conceptual
understanding of organic chemistry was the implementation of a spiral curriculum (Grove et al.,
2008). In the spiral curriculum, the first semester is spent covering properties and reactions of
organic compounds containing all of the functional groups typically covered in the year-long
sequence, but in less detail, referred to as a “survey” course in organic chemistry. In the second
semester, the same functional groups are covered in more detail, with increased emphasis on
advanced reaction mechanisms and reactions used by modern synthetic chemists. To evaluate the
curriculum’s effectiveness, the authors combined traditional quantitative measures (i.e., attrition
rates, ACS exam scores) with qualitative data from student interviews and reflective journals in a
case study approach. The spiral curriculum resulted in lower attrition rates for the two-semester
organic chemistry sequence, while scores on the standardized ACS exam were about the same as
compared to the traditional organic curriculum. Students reported feeling less overwhelmed by
the material, though the course was still difficult for them, and time constraints pushed some
students towards rote memorization of material over meaningful learning (Anderson & Bodner,
2008; Grove, et al., 2008).
Many students make it through the year-long course in organic chemistry and show little
understanding of reaction mechanisms, despite having earned a high grade (Bhattacharyya &
Bodner). Flynn and Ogilvie (2015) targeted student understanding of mechanisms in reforming
their organic chemistry curriculum at the University of Ottawa in Canada. Their approach was to
teach students the “language of mechanisms” so that students would develop fluency using this
representational system prior to learning particular reactions (Flynn & Ogilvie, 2015). Evaluation
of the mechanisms-first curriculum is currently underway and thus far has included analysis of
students’ responses to mechanism questions on exams and think-aloud interviews where students
respond to mechanism questions, showing promising results (Flynn & Featherstone, 2016;
Galloway et al., 2017).
Conversations are also taking place concerning the undergraduate biochemistry
curriculum, particularly for premedical students. ASBMB developed a set of guidelines for
content and skills students should know upon completion of a degree in biochemistry and/or
molecular biology (Tansey et al., 2013; White et al., 2013; Wright, et al., 2013). An additional
set of recommendations was set forth by ASBMB regarding how prerequisite courses for
premedical students in chemistry and biochemistry should be arranged in response to changes in
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the MCAT (Brenner, 2013). However, none of these recommendations are required of any
particular institution. At the University of Queensland in Australia, Rowland and colleagues
(2011) developed a biochemistry course organized around “big ideas.” No systematic evaluation
of this approach has been reported in the literature, but according to survey data, most students
reported that the approach helped them understand concepts (Rowland et al., 2011).
It is unclear what, if anything, most biochemistry educators have done to respond to calls
for curriculum reform, although work is currently underway to address this question (Lang &
Bodner, in preparation). Some biochemistry educators have made progress in defining potential
learning goals, but how these goals might be translated into a curriculum is also unclear
(Loertscher et al., 2014). Unlike in general and organic chemistry, which have longer histories of
research traditions (Bodner & Weaver, 2008), no systematic evaluations of curriculum reform in
biochemistry can be found in the research literature.
Few reform efforts have considered multiple courses in a sequence together, as most have
focused on single courses. A few have altered the order in which students take chemistry courses,
including organic first (Ege, Coppola, & Lawton, 1997), bioorganic first (Reingold, 2011), and
placing biochemistry before organic (Reingold, 2004). Others have made efforts to make more
cross-disciplinary connections by incorporating biologically-relevant context into existing
chemistry courses (Kirk, Silverstein, & Willemsen, 2006). However, no systematic evaluation of
any of these approaches has yet been reported.

2.4.2 Evaluation Measures
In evaluating a curriculum, certain approaches to assessment tend to be used because of
their availability, even if they are not particularly useful. Students’ grades and exam scores are
readily available and easily accessible to both instructors and researchers, and are assumed to
provide a reasonable, if crude, measure of student learning. Student retention and DFW rates are
also a relatively easy way to compare student performance in different courses. These data are
commonly maintained by institutions to track the progress of students through a program, so they
are readily available and historically archived (Towns, 2010). There is nothing wrong with using
these measures in curriculum evaluation, but they do not provide sufficient insight into student
learning, and additional measures are needed for a comprehensive evaluation to truly understand
how a curriculum is functioning (Bodner et al., 1999).

37
A measure used frequently in chemistry is standardized exams created and maintained by
the ACS Exams Institute. Because these exams are standardized, it is easy to compare the
performance of students in different curricula across institutions and from year to year. This
removes the variability inherent in course exams written by instructors. While a variety of exams
are available from the ACS Exams Institute, including conceptually-focused exams, they are still
limited in their format, which is predominantly multiple-choice questions. Additionally, in
courses where the content has been reformed, these standardized exams may not be suitable
because they do not align with the learning goals of the course. For example, Luxford and Holme
(2015) determined by analyzing exams offered by the ACS that many topics received insufficient
coverage, despite instructors arguing for their importance.
Qualitative methods such as observations and interviews with students are another
common way of evaluating curricula. Though often criticized as too anecdotal and not rigorous
enough, if done well, these data can provide additional insight into student learning. One
example is Grove and colleagues’ (2008) evaluation of their spiral curriculum in organic
chemistry, where student interviews were conducted at multiple times during the course and
analyzed qualitatively using thematic analysis. Interviews are also an effective way to probe
affective learning, though a theoretical framework is necessary to go beyond the question of “do
students like the curriculum?” For example, Towns and Grant (1997) used a hermeneutic
approach to evaluate cooperative learning sessions in a physical chemistry course. The
hermeneutic approach allowed the authors to understand the experience of the cooperative
learning sessions from the perspective of the students and identify perceived strengths and areas
for improvement.
One useful metric to determine how well a curriculum has prepared students is to look at
their performance in future courses. This is not done very often, but there are a couple of notable
examples in the literature. In evaluating the Chemical Thinking curriculum for general chemistry,
Talanquer and Pollard (2017) tracked students’ grades in organic chemistry compared to those of
students who had taken a traditional general chemistry course. They found that students in
Chemical Thinking outperformed their peers in organic chemistry, indicating that the reformed
curriculum prepared them well for future learning. On a finer-grain scale, Cooper and colleagues
(Underwood et al., 2016; Williams et al., 2015) used a variety of instruments developed to target
understanding of particular concepts, such as drawing Lewis structures and the relationship
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between molecular structure and properties, to track how students who took their CLUE
curriculum for general chemistry performed the following year in organic chemistry. They found
that students in CLUE showed a better understanding of important concepts and demonstrated
increased learning in organic chemistry relative to their peers. These types of data can be
difficult to obtain, and require more time and planning, but provide valuable insight into the
impact of a curriculum on student learning.

2.4.3 Assessment
Assessment and evaluation are not the same thing, though assessment plays an important
role in a well-designed evaluation (Bodner, 2016). Most successful curriculum evaluation efforts
rely on multiple types of assessments, including but not limited to tests of content knowledge
(Holme et al., 2010). Assessment is a key driver in what students learn and how they approach
studying, which can be a useful leverage point in curriculum development (Jensen et al., 2014;
Joughin, 2010). The types of assessments used can also dramatically affect what we learn about
how our students think. How prompts are structured can elicit different types of reasoning from
students (Cooper et al., 2016). Luxford and Holme (2014) argue for extracting as much
information as possible from assessment data to determine students’ attainment of learning
objectives and inform future instructional decisions.

2.4.4 Summary
Whatever the approach taken to curriculum reform and evaluation, it is clear that there
must be alignment between the concerns motivating curriculum reform, established goals for
student learning, and the measurements used to evaluate the curriculum, including the theoretical
approach to data analysis (Bodner, 2016; Towns, 2010). Descriptions of course reforms and
curriculum tweaks proliferate in the literature, but in-depth evaluations are rarely reported.
Without in-depth evaluations, we have limited evidence for the effectiveness of such reforms.
This type of evidence is critical to allow faculty to make informed curricular decisions. Situated
in this context, I will now outline the model for the evaluation of the 1-2-1 curriculum at Purdue
and the methods that were used to collect and analyze data on student learning.
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METHODS

3.1

Guiding Research Questions
The purpose of this study was to evaluate a 1-2-1 chemistry curriculum for undergraduate

life science majors along the dimensions of performance, retention, and transfer. As noted in
Section 1.5, the following research questions were addressed:


How do students in the 1-2-1 sequence perform in organic chemistry compared to
students who took a traditional two-semester general chemistry course?



How do students in the 1-2-1 sequence perform in biochemistry compared to students
who took traditional general and organic chemistry courses?



What knowledge do students in the 1-2-1 sequence retain from general and organic
chemistry when they enter biochemistry?



How do students in the 1-2-1 sequence apply their knowledge of chemistry to biological
systems?

3.2

Theoretical Framework for Transfer and Retention
I assumed an actor-oriented transfer perspective (AOT) to study students’ transfer of

knowledge in this evaluation (Lobato, 2003; Lobato, 2012). This theoretical framework came out
of designed-based research in mathematics education (Lobato, 2003). While this project is not
consistent with all the tenets of design-based research, it does share the commitment to
understanding how learning environments work in the contexts they are designed for (Anderson
& Shattuck, 2012; Barab & Squire, 2004; Wang & Hannafin, 2005). Traditional cognitive
science approaches to studying transfer were not appropriate for this study because of the long
timescale over which learning takes place (two years or more) in the context of the 1-2-1
curriculum and the need to study the phenomenon of transfer in a classroom setting. Past
research efforts in CER to study transfer from a cognitive perspective have produced some
disheartening results, as discussed in Section 2.2, suggesting that this approach would likely not
be productive at illuminating instances of transfer in this study.
Lobato (2012) argued that “AOT can be used as a lens to detect instances of the
generalization of learning experiences (meaning the expansion of instructional or everyday
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experiences beyond the conditions of initial learning), even when there is a lack of transfer
according to traditional definitions.” AOT has been used productively to study transfer in
classroom learning to understand connections between students’ transfer of knowledge and
specific features of the curriculum (Lobato et al., 2003). This framework has primarily been used
in mathematics education research, both at the K-12 and post-secondary level (ex. Lobato et al.,
2003; Lockwood, 2011; Roorta et al., 2014), and its use in this study represents a new extension
into the field of chemistry education research. Most studies employing an AOT perspective rely
on student-generated responses to classroom assessments as a primary data source, in part
because they do not disrupt the naturalistic setting of the classroom environment (Lobato, 2012).
This makes the framework a good fit in the context of evaluating the 1-2-1 curriculum, since
student assessments were plentiful and readily available.
While AOT differs from cognitive science perspectives on transfer, it does not reject all
of the assumptions of the cognitive approach. For the purposes of this study, I assert that in order
for transfer to occur, a student must have relevant prior knowledge, which is consistent with both
approaches (Chi & VanLehn, 2012). Prior knowledge is a necessary but not sufficient condition
for transfer. A student must also have access to prior knowledge, see it as relevant to a given
situation, and be able to make connections in order to apply that knowledge (Perkins & Salomon,
2012). In AOT, what counts as prior knowledge is much broader than in the traditional cognitive
science approach and depends on what students bring to a particular situation, rather than being
narrowly pre-determined by an expert (Lobato, 2012). Laboratory studies of transfer have
typically assumed that participants have the relevant knowledge because they have just been
exposed to it as part of the study. This is rarely the case in classroom settings, in which different
students bring a variety of prior knowledge with them from previous educational experiences and
everyday ways of knowing. Even when students have taken a particular course that is
prerequisite for another, as is typically the case in chemistry, we cannot assume that the students
possess the same prior knowledge. Students who take the same course do not emerge with
identical understandings of the material, and this variability must be taken into account when
teaching them new material that is deemed to build upon this supposed prior knowledge.
Students’ prior knowledge was an important consideration in planning this evaluation
study. Rather than assuming certain prior knowledge, data were collected to gain insight into
what a student knows at a particular point in time. We did not assume that learner’s conceptions
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were derived from a stable cognitive structure, as such; the data collected were treated as
evidence of what knowledge a student demonstrated at a particular point in time in a particular
context, not as an exact representation of a student’s knowledge.
Most learning theories support the idea that more meaningful learning that is integrated
into a learner’s existing knowledge is more likely to be retained over time than knowledge
acquired by rote memorization (Ausubel, 1962). Due to the longer timescale involved in this
study, looking at student learning over a period of two years and four semester-long courses,
retention of knowledge was also considered (Georghiades, 2000). Students’ conceptions change
over time, influenced by how they are accessed and used by the learner during that time.
Knowledge that is not used frequently is less likely to be retained, to the point where students
often cannot recall it at all (Karpicke & Roediger, 2007). By contrast, knowledge that is used
often and reinforced by further learning in a variety of contexts tends to be recalled more easily
over time (Roediger & Butler, 2011). Contextual cues from the environment or a specific feature
of a question also influence the information that a student recalls (Taber, 2003). Time can also
change learner’s conceptions in unexpected ways; there are instances where students have been
observed to revert to more naïve conceptions over scientifically accepted ones, while in other
instances students built on their prior knowledge to develop more sophisticated conceptions as
they continued to study a discipline (Sevian et al., 2014; Taber, 2003; Wolfson et al., 2014).
Complicating the issue of prior knowledge is the documented existence of
“misconceptions” or “alternative conceptions” among learners (Driver, 1989). It is not a simple
dichotomy of students either having or not having knowledge of a particular concept, they may
have conceptions that differ from scientifically accepted ones, arising from a variety of factors,
including their prior conceptions, everyday knowledge, use of language, representations, mental
models, schemas, epistemological beliefs, and instruction itself (Chi, 2008; diSessa, 1993;
Talanquer, 2006). Research has shown that alternative conceptions can be “resistant” to
instruction, that is, they are not easily changed through exposure to scientifically correct ideas
(ex. Chinn & Brewer, 1993; Villafañe et al., 2011).
Although the purpose of this study was not to investigate alternative conceptions in-depth,
their existence must be acknowledged as part of a student’s prior knowledge because this is a
crucial aspect of transfer. For example, a student who thinks that the breaking of chemical bonds
releases energy (a common alternative conception) is likely to apply this knowledge very
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differently if asked to explain how ATP hydrolysis releases energy than a student who thinks that
the breaking of chemical bonds requires input of energy (the scientifically accepted explanation).
Both are exhibiting transfer insofar as they apply their relevant prior knowledge about bond
breaking, but one is far more likely to construct a scientifically correct explanation of ATP
hydrolysis. A traditional transfer experiment would only consider one of these scenarios as
successful transfer, but from the perspective of AOT, both count as instances of transfer. Rather
than taking a deficiency view of documenting what students do not know, AOT considers how
students can generalize on the basis of what they do know (Lobato, 2012).
One of the major learning goals of the 1-2-1 curriculum was for students to build on and
apply their prior knowledge from general chemistry into organic chemistry, and on into
biochemistry. While decades of research on transfer has resulted in a plethora of
recommendations for teaching for transfer within a topic or course, most of these
recommendations are directed towards pedagogical choices made by an instructor within a single
course; there are no sound recommendations for how to design an entire two-year curriculum at
the undergraduate level to facilitate transfer (Day & Goldstone, 2012; Perkins & Salomon, 1988).
Furthermore, while many CER studies that deal with undergraduates in advanced courses offer a
recommendation for general chemistry instructors in the implications section, these are rarely
backed by either theories or evidence of transfer occurring. Instructors of more advanced courses
commonly place responsibility on instructors of introductory courses for students’ lack of
preparation. Lobato (2008) argued that rethinking our assumptions about transfer can reframe
these discussions. Regardless of how transfer is conceptualized, discussions between instructors
of courses would seem to be productive in aligning curricula and establishing shared
expectations. In the case of the 1-2-1 curriculum, these discussions among faculty members led
to a transformation of the curriculum that was the focus of this evaluation. The purpose of this
study was to determine the extent to which this has been effective, and to suggest improvements
that could be made. This understanding of how students retain and apply knowledge provided a
more comprehensive evaluation of student learning in the 1-2-1 curriculum than student
performance alone.
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3.3

Research Design
Student learning in the 1-2-1 curriculum was evaluated along the three dimensions of

performance, retention, and transfer (Bodner, 2016). Table 3.1 shows the overall research design
according to which data sources were used to address each research question and how the data
were analyzed. Individual data sources and methods of analysis will be described in detail later.

Table 3.1 Data sources and analysis for each dimension of evaluation
Dimension of Evaluation

Research
Question(s)

Performance

Retention

Transfer

How do students in the
1-2-1 sequence perform
in organic chemistry
compared to students
who took a traditional
two-semester general
chemistry course?

What knowledge do
students in the 1-2-1
sequence retain from
general and organic
chemistry when they
enter biochemistry?

How do students in the
1-2-1 sequence apply
their knowledge of
chemistry to biological
systems?

How do students in the
1-2-1 sequence perform
in biochemistry
compared to students
who took traditional
general and organic
chemistry courses?
Data
Source(s)

Data Analysis

Course grades in organic
chemistry and
biochemistry
Exam scores in organic
chemistry and
biochemistry
Comparison of letter
grade distribution of two
groups: 1-2-1 students
and traditional students
Compare average exam
scores of two groups: 12-1 students and
traditional students

Pre-test in biochemistry Exams in organic
Final exams in general chemistry and
and organic chemistry
biochemistry

Comparison of student
responses to identical
questions on pre-test
and final exams

Comparison of student
responses on similar
questions
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Comparisons were conducted at two levels. Because there were students from both the 12-1 cohort and students from the traditional sequence enrolled in the subsequent 1-2-1 organic
chemistry and biochemistry courses, these two groups of students were compared within each
course. Comparisons were also made within the 1-2-1 cohort of students by comparing the same
students at different points in time.

3.4

Participants and Setting
This study was conducted with students enrolled in four courses, CHM 129, CHM 255,

CHM 256, and CHM 339 at Purdue University. These courses comprise the reformed chemistry
curriculum for undergraduate life science majors, referred to as the 1-2-1 course sequence. Data
were collected beginning in the Fall 2015 semester, with pre-existing course records from past
semesters maintained by the course instructors also included in analysis.
Due to the size and structure of the chemistry department at Purdue, students may enroll
in one or more of the 1-2-1 courses without taking the entire sequence. A variety of general
chemistry courses are offered at Purdue, many of which satisfy the prerequisite for the twosemester organic chemistry sequence, CHM 255-256. The department also offers other organic
chemistry courses that satisfy the prerequisite for biochemistry CHM 339. In addition, there are
sections of CHM 255 and CHM 256 taught by other instructors that are not part of the 1-2-1
curriculum. Thus, students may take a variety of paths through their chemistry coursework, in
part determined by their major, but also influenced by their own schedules and personal choice.
Students at Purdue are allowed to choose their own course schedules. While their academic
advisors may encourage particular courses in a particular sequence (as with the 1-2-1 sequence),
the only binding requirements are specific course prerequisites and satisfying course
requirements for their chosen major. Figure 3.1 shows the most common paths taken by students
through general chemistry, organic chemistry, and biochemistry who end up in CHM 339.
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General
Chemistry

Organic
Chemistry

CHM 129

CHM 255
CHM 256
1-2-1 Prof.

CHM 115
CHM 116

CHM 255
CHM 256
Other Prof.

Biochemistr
y

CHM 339

Figure 3.1 Student progression through chemistry courses in 1-2-1 sequence

1-2-1 students follow the path from CHM 129 to CHM 255 and CHM 256, then to CHM
339, in sequential semesters. Students may alternatively take a traditional two-semester general
chemistry course, typically CHM 115 and CHM 116, which is the general chemistry sequence
for science and engineering majors at Purdue. Some of these students take CHM 255 and CHM
256 as part of the 1-2-1 curriculum, while others take these courses or other organic chemistry
courses with another instructor. Students from all of these different paths enroll in CHM 339.

3.4.1 General Chemistry, CHM 129
CHM 129, General Chemistry with a Biological Focus, was the first semester of the
course sequence. It was offered in the fall semester each year. The same instructor, Professor
Hrycyna, taught the course each year, with an additional instructor, Professor Tantama, teaching
the course beginning in Fall 2016 in response to higher enrollment in the course. Both instructors
were members of the biochemistry division of the chemistry department. The two instructors
taught parallel lecture sections using the same course materials with common assessments. The
format of the course was a 50-minute lecture three times per week, one 50-minute active learning
recitation session per week, and one 3-hour laboratory session per week. Lectures were based on
PowerPoint presentations and students were provided with printed copies at the beginning of
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each lecture. Recitation and laboratory sections were taught by graduate TAs in the chemistry
department, primarily from the divisions of biochemistry and chemical education. Students’
grades in the course were based on three midterm exams, a final exam, online homework
assignments, group recitation worksheets, and group lab reports (see Appendix A).
Enrollment in the course increased each year, as shown in Table 3.2, owing to a larger
admitted freshman class, and the increased demand for students in the biological sciences to take
the course. More than 90% of the students enrolled in the course were freshmen in their first year
as undergraduates.

Table 3.2 Enrollment in CHM 129 by major, Fall 2013-2016
Semester

Students enrolled

Biology &

Pre-pharmacy &

biochemistry

Pharmaceutical

majors

sciences majors

Other majors

Fall 2013

323

35 (11%)

269 (83%)

19 (6%)

Fall 2014

320

61 (19%)

247 (77%)

19 (6%)

Fall 2015

463

171 (37%)

292 (63%)

5 (1%)

Fall 2016

519

229 (44%)

273 (53%)

17 (3%)

There were a large number of pre-pharmacy students who took CHM 129 to satisfy the
prerequisites for the doctoral program in pharmacy, as shown in Table 3.2. These students take
organic chemistry and biochemistry courses within the College of Pharmacy, and do not continue
on in the 1-2-1 sequence. Students who continue in the 1-2-1 sequence are mostly biology majors
in the College of Science, with a few students from other colleges including the College of
Agriculture and the College of Health and Human Sciences.
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3.4.2 Organic Chemistry, CHM 255 and CHM 256
CHM 255 and CHM 256 comprised the two-semester organic chemistry sequence and
were taught by the same instructor, Professor Chmielewski. The 1-2-1 version of CHM 255 is
offered every spring semester and the 1-2-1 version of CHM 256 was offered every fall semester.
Both semesters followed the same course structure. The course had three 50-minute lectures per
week, and an optional recitation section once per week. Students were given printed “skeletal”
notes that the instructor fills in on the projected document camera during lecture. Clicker
questions were also used periodically during lecture, sometimes accompanied by extra credit
points. Optional recitation sections were held by graduate TAs from the organic division. Grades
were based on four written homework assignments, three midterm exams and a final exam, as
well as periodic extra credit assignments given at the instructor’s discretion (Appendix A).
Readings and practice problems were assigned from the text by Brown and Foote (2011), but
were not required. The laboratory component of the two-semester sequence was a separate
course, however, the majority of students enrolled concurrently because it was a requirement for
most majors, including biology.
CHM 255 introduced the basic principles of organic chemistry, including structure of
organic molecules, hybridization, molecular geometry, stereochemistry, functional groups,
nomenclature, and reaction mechanisms for simple substitution, elimination, and addition
reactions. CHM 256 focused much more heavily on biologically-relevant organic chemistry,
including carbonyl chemistry, enzyme-catalyzed reactions, enzyme cofactors, and biological
macromolecules.
About half of the students enrolled in CHM 255 did not take CHM 129 and instead took a
traditional two-semester general chemistry sequence. The traditional general chemistry sequence
for science and engineering majors (CHM 115/116) also satisfies the general chemistry
prerequisite for CHM 255, and many students came from this sequence or a modified version
(CHM 111/112/116) for students who needed additional preparation in chemistry or did not meet
the prerequisites for CHM 115. The majority of students who complete CHM 255 with a passing
grade continued on to CHM 256, though some students elected not to do so. Additionally, there
are some students who enrolled in CHM 256 after having taken a different first semester organic
course from CHM 255, or after having taken CHM 255 with a different instructor.
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3.4.3 Biochemistry, CHM 339
CHM 339, Biochemistry: A Molecular Approach, was the final capstone course of the
sequence. Students who did not take the previous three courses in the sequence could enroll as
long as they have coursework in general chemistry and organic chemistry to satisfy the
prerequisites. CHM 339 did not have an integrated laboratory component. The companion
laboratory course, CHM 33901, was an optional course that many students chose to enroll in
concurrently with CHM 339. The lab course was not a focus of this evaluation, but it was an
important part of the curriculum and was required for biology majors.
CHM 339 was taught every spring semester from 2015-2017 by Professor Hrycyna, who
also taught CHM 129. In Spring 2018, the course was taught by Professor Lyon, an assistant
professor in the biochemistry division, using the same course materials developed previously.
The course consisted of three 50-minute lectures per week. PowerPoint presentations were used
in lecture and students were provided with printed copies at the beginning of each lecture period.
Course grades were determined on the basis of three midterm exams, a final exam, quizzes, and
written homework assignments (see syllabus in Appendix A). Graduate TAs graded all
assignments and exams.
The topics covered in CHM 339 are outlined in the course syllabus (Appendix A).
Connections were frequently made to medicine, nutrition, health, and disease using examples
relevant to the biochemistry being discussed. Readings and practice problems were assigned
from the text by Appling, Anthony-Cahill, and Mathews (2016), but were not required.
The majority of 1-2-1 students who completed CHM 255 and CHM 256 with passing
grades enrolled in CHM 339 in the subsequent semester. The few who did not enroll are
typically students for whom their major did not require biochemistry, or who changed their
major. For the purposes of this study, a cohort of students was defined as those who had taken all
four courses in consecutive semesters. The Fall 2015 cohort, for example, included students who
took CHM 129 in Fall 2015, CHM 255 in Spring 2016, CHM 256 in Fall 2016, and CHM 339 in
Spring 2017.
Students who are not part of the 1-2-1 sequence also enroll in CHM 339, since other
general and organic chemistry courses satisfy the prerequisites. Most of these students are juniors
and seniors who took the traditional general chemistry course sequence for science and
engineering majors. Some of them took CHM 255/256 as part of the 1-2-1 sequence, while
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others took CHM 255/256 with another instructor, or took the organic chemistry sequence for
engineering majors (CHM 261/262). For many of these students, it has been a semester (or more)
since they took an organic chemistry course.

3.5

Data Sources
Data were collected from multiple sources in each course in the 1-2-1 sequence. Table

3.3 shows which data were collected in each course by semester. CHM 129 and the 1-2-1 version
of CHM 255 are only offered in the fall semester, while the 1-2-1 version of CHM 256 and CHM
339 are only offered in the spring semester, and no data were collected while a course was not
being taught.

Table 3.3 Data collection timetable
Semester
Fall 2014
Spring 2015
Fall 2015

CHM 129
Final grades

CHM 256

CHM 339

Final grades
Final grades
Final exams

Spring 2016

Fall 2016

CHM 255

Final grades
Final grades
Pre-survey
All exams

Final grades
Final exams

Spring 2017

Fall 2017

Spring 2018

Final grades
Pre-survey
All exams
Final grades
All exams

Final grades
Pre-survey

Final grades
Pre-test
All exams
Final grades
Selected exam
questions
Pre-test

3.5.1 Course Grades
At the end of each semester, students’ final grades in each course were obtained from the
course instructors. Final grades were determined by the total number of points earned on exams,
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homework, quizzes, and other assignments as per the course syllabus (see Appendix A). Students’
letter grades were assigned based on the total number of points earned, with cutoffs for each
letter grade being adjusted at the discretion of the instructor.

3.5.2 Course Exams
Students’ exams were collected from CHM 255, CHM 256, and CHM 339. Each course
included three exams and a final exam written by the respective course instructor. The organic
chemistry exams consisted of short-answer questions, with the exception of the final, which
contained both short-answer and multiple-choice questions. All biochemistry exams, including
the final, consisted of both short-answer and multiple-choice questions. Students took the midterm exams in the evenings, outside of regular class sessions. Students were allotted one hour for
exams in organic chemistry, and ninety minutes for exams in biochemistry. Students were
allotted two hours each for the final exams, as per the university policy.
Copies of all students’ final exams were also collected from general chemistry, CHM 129.
The general chemistry final exams consisted of both multiple-choice and short-answer question,
all written by the course instructor.
Multiple-choice questions for general chemistry and biochemistry exams were answered
on scan sheets and submitted to the university’s Instructional Data Processing (IDP) center for
scoring. IDP compiled reports containing aggregated exam responses for the entire class, as well
as each individual student’s responses. Short answer questions for all exams were graded by the
graduate teaching assistants (TAs) for the respective courses.
I collected and photocopied each individual student’s graded exam from all courses
indicated. The original exams were returned to the students during class and the copies were
retained for analysis.

3.5.3 General and Organic Chemistry Pre-test
A pre-test covering topics from general and organic chemistry was given to students
entering biochemistry (CHM 339), the final course in the 1-2-1 sequence. The pre-test was given
in Spring 2017 and then revised and given again in Spring 2018. Both versions can be found in
Appendix B and C. An overview of the question topics and format on both years’ assessments
are shown in Tables 3.4 and 3.5.
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Table 3.4 Format and topics of Spring 2017 pre-test
Question Topic
1
Intermolecular forces
2

Hybridization & resonance

3

pH/pKa

4

Enthalpy change

5
6

Gibbs free energy
Catalysts

7
8
9

Resonance structures
pH/pKa (amino acids)
Peptide hydrolysis
mechanism
Enzymatic peptide
hydrolysis mechanism
ATP hydrolysis mechanism
Enzymatic sugar
isomerization mechanism

10
11
12

Format
Multiple choice +
explanation
Multiple choice +
explanation
Multiple choice +
explanation
Multiple choice +
explanation
Multiple choice
Multiple choice +
explanation
Open-ended
Open-ended
Open-ended

Source
CHM 129 final exam

Open-ended

CHM 256 final exam

Open-ended
Open-ended

CHM 256 exam 3
CHM 256 exam 3

CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 256 final exam
CHM 256 final exam
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Table 3.5 Format and topics of Spring 2018 pre-test
Question Topic
1
Intermolecular forces
2

Hybridization & resonance

3

pH/pKa

4

Enthalpy

5
6
7
8

Buffers
Gibbs free energy
Catalysts
Resonance structures

9
10
11

pH/pKa (amino acids)
Functional groups
Peptide hydrolysis
mechanism
Enzyme-catalyzed peptide
hydrolysis mechanism
ATP hydrolysis mechanism

12
13

Format
Multiple-choice +
explanation
Multiple-choice +
explanation
Multiple-choice +
explanation
Multiple-choice +
explanation
Multiple-choice
Multiple-choice
Multiple-choice
Open-ended
(drawing)
Multiple-choice
Open-ended
Multiple-choice

Source
CHM 129 final exam

Multiple-choice

CHM 256 final exam

Multiple-choice

CHM 256 exam

CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 129 final exam
CHM 255 exam (similar)
CHM 255 exam (similar)
CHM 256 final exam

3.5.3.1 Initial Pre-test Development
The individual items on the pre-test given to CHM 339 students in Spring 2017 were
selected from exams given in general and organic chemistry (CHM 129, 255, and 256). Each
item covered content that was deemed prerequisite knowledge relevant to the study of
biochemistry in CHM 339. Topics from general chemistry included intermolecular forces,
resonance, hybridization, acid/base chemistry and pKa, buffers, thermodynamics, and kinetics.
The majority of the general chemistry questions were constructed in a two-tiered format
(Treagust, 1988), where the first part asked a multiple-choice question taken from CHM 129, and
the second part asked students to explain their answer. The two-tiered format gave insight into
student reasoning that is seldom available from multiple-choice questions alone and was also
used to determine when students were guessing.
The pre-test also contained questions from organic chemistry. Three of these questions
were taken from exams given in the second-semester organic chemistry course (CHM 256),
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asking students to propose a mechanism for organic reactions. The particular mechanisms
(nucleophilic acyl substitution and SN2 on phosphorous) were selected because they are relevant
to biological systems and were therefore reactions to be included in CHM 339. In addition to
drawing a mechanism, students were asked to identify the mechanism type (i.e. SN2, nucleophilic
addition to a carbonyl, etc.) for each reaction. An additional biochemical reaction mechanism,
sugar isomerization, was included that appeared as an extra-credit question on an exam in CHM
256. Another question was included that was similar to questions on previous organic chemistry
exams that assessed students’ ability to determine the charged state of a group at a particular pH
given its pKa. This concept is important for understanding amino acid chemistry and protein
structure and function in biochemistry.
Both instructors reviewed the pre-test for content coverage and format/wording of the
questions and gave their approval. Due to time constraints the number of items included was
limited and the most relevant topics were selected in consultation with the instructors.

3.5.3.2 Revised Pre-test
Several revisions were made to the pre-test before it was administered in Spring 2018. I
will describe each of these revisions and the rationale behind them.
The explanation tiers of the two-tiered multiple-choice questions were converted to
multiple choice based on the most common written responses in Spring 2017. The coding of
students’ written explanations will be described in detail later. Student-generated explanations
were used to create the multiple-choice options in order to accurately reflect common ideas held
by students and use students’ natural language. In some of the questions students were asked to
select the one option that best explained their answer, while in others they were allowed to select
multiple options in accordance with what students mentioned in their written explanations the
previous year.
The organic reaction mechanism questions were also converted to multiple choice with 23 answer options based on coding of the student-drawn mechanisms on the Spring 2017 pre-test,
which will be described in detail later. The part of the mechanism questions asking students to
identify the mechanism type was removed, since it no longer made sense when students were
presented with multiple-choice options; in some cases all of the options depicted the same type
of mechanism. The sugar isomerization mechanism was removed because over 90% of the
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students left the question blank, indicating that they either were unfamiliar with this mechanism
or ran out of time, since it was the last question on the pre-test.
The wording of two questions, one about thermodynamics and one about catalysts, was
changed to make them more clear. The original version of the thermodynamics question was:
Below are 4 statements regarding what the change in Gibbs free energy, G, tells use
about a chemical reaction.
1. The rate of a reaction
2. The energy that is available to do useful work for a chemical reaction
3. Whether a reaction will be spontaneous or non-spontaneous
4. The connection between enthalpy and entropy changes of a chemical reaction
Which of the 4 statements are true?
A. 1, 2, 3
B. 2, 3, 4
C. 1 and 3
D. None of the statements are true
E. All of the statements are true
The correct answer is B, which students could arrive at by process of elimination even if
they did not know whether all of the statements were true or false. The question was revised to
avoid this problem by asking students to select all of the statements they thought were true.
The catalyst question was changed because it was thought that students may answer
differently whether they were thinking in terms of general chemistry or organic chemistry. The
original version of the question was:
Which statement is true? A catalyst:
A. Can make a non-spontaneous reaction become spontaneous
B. Is produced in one elementary step and is consumed in a later elementary step
C. Increases the activation energy of the reaction
D. Alters the mechanism of the reaction
E. Speeds up a reaction by making it more exothermic
The correct answer to the question is D. The word “mechanism,” when first introduced in
general chemistry, is taken to mean the steps of a particular chemical reaction. However, in the
context of organic chemistry, mechanism has a much more specific meaning typically associated
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with the electron-pushing formalism used to depict the steps of chemical reactions. It was
thought that this may be confusing to the students, and so the language of the question was
changed in consultation with the instructors. In its final version, this question is similar to the
previous question where students may select multiple answers to which statements they believe
are true.
In the question that asked students to identify types of intermolecular forces, the molecule
was changed from dichloromethane to trimethylamine. This was done to match the question on
the CHM 129 final exam in Fall 2016 and facilitate comparison to measure students’ retention of
knowledge. Answer choices that included ion interactions were removed, since all of the students
who chose those answers mentioned chlorine ions in their explanations.
A multiple-choice question from CHM 129 about buffers was added because the
instructors and I felt that this was an important topic in biochemistry that was not addressed on
the first version of the pre-test. Previous research has indicated that students from general
chemistry through biochemistry struggle to understand how buffers work and solve problems
related to buffers (Orgill & Sutherland, 2008). Another question was added asking students to
identify organic functional groups in a peptide chain. Functional groups are introduced in general
chemistry and covered extensively in organic chemistry, and we wanted to see to what extent the
students remembered them.

3.5.3.3 Pre-test Data Collection
The pre-test was administered to students in CHM 339 on the first day of class in the
Spring 2017 and Spring 2018 semesters. Students were not informed about the pre-test in
advance, so they did not have an opportunity to study, and they were asked to answer all
questions to the best of their ability. The students had approximately 30 minutes to complete the
test. They were told that if they did not know an answer, it was okay to leave the question blank
or write that they did not know. Students’ scores on the pre-test did not affect their grades in the
course.
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3.6

Data Analysis
Two groups were created for comparison of the two student cohorts in organic chemistry

and biochemistry, the 1-2-1 students and the traditional students. The first group consisted of
students who had taken the 1-2-1 course sequence up to a particular point. For example, if we
consider CHM 256, 1-2-1 students would include those who had taken CHM 129 and CHM 255,
but it does not matter if those students continued on to CHM 339. Traditional students are those
who took a traditional two-semester general chemistry course.

3.6.1 Performance in Organic Chemistry and Biochemistry
To compare students’ course grades between the two groups, the distribution of letter
grades (percentage of A’s, B’s, C’s, etc.) was determined for each group in both semesters of
organic chemistry and in biochemistry. The grade distributions in each course were compared via
a Chi-square test performed using SPSS Statistics Version 24.0 (IBM, 2016).
Students’ performance on course exams in organic chemistry and biochemistry was
compared by calculating the average total score for each group of students (1-2-1 and traditional).
An independent-samples t-test was performed using SPSS to determine whether the average
scores differed significantly between the two groups. A significance level (p-value) of 0.05 was
used. Distributions of scores within each group were checked to be sure they approximated
normal distributions, which is a requirement of using a t-test. In all cases this assumption held,
and the independent-samples t-test was used. In addition, effect sizes were calculated using
Cohen’s d to determine the relative magnitude of the difference between the two groups (Cohen,
1969). Cohen’s d is a measure of how many standard deviations apart the group means are from
each other.

3.6.2 General and Organic Chemistry Pre-test Analysis
Responses to the multiple-choice questions were tabulated for all students who completed
the pre-test on the first day of biochemistry (CHM 339) in both Spring 2017 and Spring 2018.
The percentages of students in each group (1-2-1 students and traditional students) answering
each question correctly were compared.
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For the 1-2-1 students (Fall 2015 and Fall 2016 cohorts), their responses to the pre-test
were compared to their responses to the same questions when they had previously appeared on
exams in CHM 129 and CHM 256. The percent of students giving each answer choice was
compared for each of these questions as a measure of retention of knowledge. For the Fall 2015
cohort, the amide hybridization question on the pre-test also appeared on an exam in CHM 255,
and these responses were included in the analysis of retention. Additionally, two questions from
the pre-test appeared on the final exam in CHM 339 in Spring 2017; these responses were
analyzed to determine what learning had occurred during the biochemistry course.
For the two-tiered items, where the second tier asks students to explain their answer, I
mapped students’ explanations (written in Spring 2017, multiple-choice in Spring 2018) to their
answer to the first part of the question in order to determine what correlations existed and gain
insight into the students’ reasoning.
I also determined whether individual students in the 1-2-1 cohort gave the same answer to
questions on the pre-test as the answer that student gave on the final exams in CHM 129 and
CHM 256. This was only possible with questions that appeared in identical form, so questions
that were modified on the pre-test were not included in this analysis. For the purposes of this
study, we assumed that giving the same response to a question at a later point in time was
evidence of retention of knowledge, regardless of whether the answer was correct.

3.6.2.1 Student Explanations
For the multiple-choice general chemistry questions on the pre-test in Spring 2017, I
coded students’ written explanations of their multiple-choice answers. A separate coding scheme
was developed for each question using an iterative process of inductive analysis. I first read
through students’ responses, making note of elements I observed that were either scientifically
correct or incorrect. These notes were used to create an initial set of codes that I applied to the
data. These codes were then applied by two undergraduate research students to a subset of the
data. We met to discuss the coding, which resulted in modifications to the initial coding scheme,
including the addition of new codes, and consolidating overlapping codes in order to better
represent the data. The two undergraduate students then coded another subset of the data and we
met to discuss their results. At this point, there was good agreement between coders and further
modifications of the coding scheme were not necessary. The final coding scheme can be found in
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Appendix D. The remainder of the dataset was then coded by the undergraduate research
students.
The students’ written explanations for general chemistry multiple-choice questions on the
Spring 2017 pre-test were coded as described above. Frequency counts were tabulated for the
codes on each question. The most common responses were used to create multiple-choice answer
options for the Spring 2018 pre-test. The answer choice “I don’t know” was also included as an
option for each question, since there were some students who wrote “I don’t know” or left the
explanation portion of the question blank on the Spring 2017 pre-test. This was also done to
minimize the impact of guessing on multiple-choice questions, which could lead to overestimation of student understanding.
For the question on the Spring 2017 pre-test that asked students to identify which of the
given statements about catalysts was true, they were also asked to explain why the other
statements were incorrect. Reading through students’ written answers to this part of the question,
I found that the majority of students simply reworded the statement, or stated that it’s inverse
was true. Since these were mostly statements of fact (whether scientifically correct or not) rather
than thorough explanations, they did not yield any insight into the students’ reasoning, and were
not subjected to further analysis.

3.6.2.2 Organic Reaction Mechanisms
I coded the student-generated mechanisms for organic reactions that appeared on the
Spring 2017 pre-test and CHM 256 exams through inductive analysis and open coding. The full
codebook containing the identified strategies for each reaction and student-generated examples
can be found in Appendix E. To develop the coding scheme, I first examined the students’
mechanisms, noting the types and frequencies of any errors or deviations from the mechanism on
the instructor-generated answer key. Many of these errors were related to the use of the electronpushing formalism and have been observed by other researchers and well-documented in the
literature (Bhattacharyya & Bodner, 2005; Flynn & Featherson, 2016; Galloway, Stoyanovich, &
Flynn, 2017). I also observed errors such as missing or incorrect formal charges on atoms. The
aforementioned types of errors were termed “representational” errors, because they were all
related to the way a student represented a reaction mechanism on paper, according to chemical
conventions. Other types of errors, which I categorized as “substantive” errors, were related to
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the actual mechanistic steps, or sequence of events, involved in a particular reaction. For
example, I observed students’ responses deviate from the “correct” mechanism in their choice of
nucleophile and type of reaction (i.e., a one-step substitution versus a two-step substitution).
For the purpose of this study, I decided to focus on the substantive category of errors,
since I am more interested in how students understand reaction mechanisms in terms of the
sequence of events involved in a chemical reaction than their use of mechanistic conventions.
However, as has been noted in the literature, understanding mechanistic conventions is important
and improper use of these conventions may represent a barrier to student understanding
(Bhattacharyya & Bodner, 2005). A focus on understanding how chemical reactions happen is
also more aligned with instructors’ goals for the 1-2-1 curriculum.
Focusing on substantive errors in coding student-drawn mechanisms also revealed that
there were a limited number (2-4) of different mechanisms or “strategies” proposed by students
for each reaction. When asked to propose a mechanism for ATP hydrolysis (Figure 3.2), for
example, a majority of students either drew a one-step SN2 substitution mechanism (Figure 3.3)
or a two-step nucleophilic acyl substitution (NAS) mechanism (Figure 3.4).

Figure 3.2 ATP hydrolysis reaction
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Figure 3.3 SN2 substitution mechanism for ATP hydrolysis reaction

Figure 3.4 NAS mechanism for ATP hydrolysis reaction

Identification of common mechanism strategies facilitated comparison of students’
answers to identical questions on the pre-test and CHM 256 exams. Even if a student made
different representational errors in their use of mechanistic convention, I focused on their choice
of strategy in each reaction and compared this between the two time points (CHM 256 exam and
CHM 339 pre-test) as a measure of retention of knowledge. For the revised pre-test given in
Spring 2018, these strategies were used to create multiple-choice answers to the mechanism
questions. I used ChemDraw to recreate the mechanisms drawn by the students.
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3.6.3 Transfer in Organic Mechanisms
Transfer of learning was observed in the context of mechanisms proposed by students for
organic reactions. Students were given the same reaction, peptide hydrolysis, under two different
sets of conditions, as shown in Figure 3.5.

A)

B)

Figure 3.5 A) Peptide hydrolysis under basic conditions, B) Peptide hydrolysis catalyzed by the
enzyme HIV-protease (an aspartyl protease)

The first set of conditions, strong base in water, is what would be seen in a typical
organic chemistry laboratory, where variables such as temperature, concentration, and pH can be
easily manipulated. The second set of conditions, the active site of an enzyme in aqueous
solution, more accurately reflects the environment inside a cell. Students were explicitly told that
there was no free strong acid or base available, reflecting the pH of a typical cell. Students had
been introduced to the mechanism of peptide or amide hydrolysis, a nucleophilic acyl
substitution, while studying carbonyl chemistry in CHM 256. This section of the course also
included a discussion of the ways that cells accomplish these reactions under more restricted
conditions using enzymes. The particular enzyme used in the question, HIV-protease, was used
as an example in class and appeared in the lecture notes.
This set of questions appeared on an exam in CHM 256 in both Fall 2016 (final exam)
and Fall 2017 (second exam), as well as on the pre-test given in CHM 339 in Spring 2017 and
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Spring 2018. Thus, two cohorts of students responded to this set of questions at two different
times, first towards the end of organic chemistry and then again at the beginning of biochemistry.
Students’ responses were analyzed for similarities between the mechanisms they proposed for
the reaction under different conditions. All student-drawn mechanisms were coded according to
the coding scheme described in the previous section (full codebook in Appendix E). Individual
students’ mechanisms under the two conditions were then compared to identify relations between
the use of the various strategies (i.e., choice of nucleophile).

3.7

Validity and Reliability
Evaluation of a program carries specific criteria by which quality is judged. Standards of

evaluation in education call for consideration of utility, feasibility, propriety, and accuracy (Joint
Committee on Standards for Educational Evaluation, 1994). These criteria are similar to those by
which research studies are judged, but include the additional element of usefulness to
stakeholders in the context of the evaluation. The goal of an evaluation is not just to collect
evidence of a curriculum’s effectiveness, but also to provide useful feedback to instructors and
other stakeholders about making future improvements (Murphy & Holme, 2014). In evaluating
the 1-2-1 curriculum, feedback was provided directly to instructors to inform future changes to
the curriculum. It was also essential in evaluation to collect and analyze data in alignment with
learning objectives (Towns, 2010). Choices about the design of the evaluation were made with
the goals of the curriculum in mind, in order to provide evidence of these goals being met. Since
the major goal of the curriculum was for students to build on and apply their knowledge of
chemistry to biological systems, this was a major focus in analyzing assessment data for
evidence of transfer.
Within an evaluation, validity can be judged by a variety of standards depending on the
type of research being conducted. These can include traditional scientific and quantitative
measures of validity and reliability, as well as more qualitative criteria appropriate to the
paradigm of inquiry (Guba & Lincoln, 1994; Patton, 2002). Since this study includes both
quantitative and qualitative data, commonly referred to as mixed methods, criteria for each will
be discussed (Creswell & Clark, 2007).
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3.7.1 Quantitative Measures
Students’ grades in all four courses were determined on the basis of the number of points
they earned, as described in the syllabus (Appendix A). These measures are reliable because the
same grading criteria were applied to all students. While there is some subjectivity associated
with grading short-answer questions, the TAs were asked to follow a common rubric, written by
the instructor, to assign points. Each individual exam question was graded by the same TA on all
students’ exams, ensuring a greater consistency for each question. However, there is still the
possibility of TA error in grading. Given the large number of points available in a course for
determining a students’ grade, it is unlikely that these small errors had an affect on student’s
overall letter grades. Furthermore, grading inconsistencies are likely to average out because there
is reason to expect that TAs are equally likely to give too many points on one question and too
few points on another question.
The choice to use letter grades rather than point totals was made because letter grades
represent a more meaningful difference in student performance. The difference between a
student who earned 460 points and 475 points out of 500 in a course is not necessarily
meaningful, whereas the difference between a student who earned an A and a student who earned
a B carries much more significance in terms of their performance.
The multiple-choice items on course exams and the pre-test given in biochemistry were
not constructed as instruments that stand up to rigorous quantitative tests of validity and
reliability. The items on the pre-test were reviewed by the instructors, experts in biochemistry
and organic chemistry, for content validity. It was considered important to keep the authenticity
of the questions as written by the instructors to reflect what they considered important and how
they assessed student learning. On the pre-test, a second tier was added to the multiple-choice
questions asking students to explain their reasoning, in order to reveal more about students’
thinking as well as provide evidence of whether students were guessing the answers (Treagust,
1988).
On the Spring 2018 pre-test, multiple-choice answers for the explanation tier and for the
organic mechanisms were constructed based on common responses given by students to the
open-ended items. Use of ideas and reasoning expressed by students in their own words lends
validity to these items, and is a common way of constructing multiple-choice assessments
(Pellegrino, Chudowsky, & Glaser, 2001).
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Data from multiple-choice questions should be interpreted carefully, as there are many
factors that can influence how a student answered a particular question, including the testing
environment and a students’ state of mind. Thus, multiple-choice questions alone do not allow
for conclusive claims about students’ conceptual understanding, but along with other measures,
provide insight into learning over time in the 1-2-1 curriculum.

3.7.2 Qualitative Measures
Qualitative data were coded using the constant comparison method, to strive for
consistency throughout (Glaser, 1965). I recorded analytical memos throughout the process of
coding and analyzing data as a record of my own thought process, as well as to begin to identify
patterns in the data. Inter-rater reliability was determined as a measure of the consensus between
two coders in applying codes to the data (Patton, 2002). This was particularly important in this
study because multiple people were involved in coding data. Inter-rater reliability was also used
as a tool to refine the coding schemes used in this study, to determine to what extent they
captured the data and make modifications to improve the quality of coding.
Coding of student-drawn reaction mechanisms on CHM 256 exams and the Spring 2017
pre-test according to the final coding scheme was performed by an undergraduate student
researcher and myself. Inter-rater reliability was determined by both researchers coding
approximately 10% of the dataset, with 94% agreement overall, which was considered
satisfactory.
For analyzing students’ explanations on the pre-test from Spring 2017 (questions 1-4),
coding was performed by two undergraduate student researchers. After I developed an initial set
of codes through inductive analysis and open coding, both students coded the same subset of data,
approximately 10% of the total dataset. Percent agreement was calculated for each question
separately, and two questions were determined to have satisfactory agreement at 85%, while the
other two questions were less than satisfactory at 60% and 65% agreement. Coding was
discussed among the three researchers (myself and the two undergraduates) and the coding
scheme was modified to better represent the data. The undergraduate students then coded an
additional 10% of the dataset, reaching a percent agreement of 75-90% on each question, which
was considered satisfactory.
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All data were collected from sources that were existing parts of the curriculum, without
any conditions being manipulated by the researcher. While this approach limits the
generalizability of findings, the purpose of this study was to evaluate this particular curriculum
in the unique context in which it is situated. We do not assume that the results are generalizable
to other populations of students at other institutions. Nevertheless, in addition to providing a
model for curriculum development and evaluation, this study provides insight into how students
in chemistry may generalize from their prior knowledge, particularly in considering biological
systems.

3.8

Ethical Considerations
All data collected for this study came from sources that were already part of class

activities in the 1-2-1 courses, thus, the Institutional Review Board (IRB) determined that
students’ informed consent to participate was not required. In the 1-2-1 courses, all students were
provided with equal educational opportunities, regardless of whether they were part of the 1-2-1
cohort or not. This study was approved by the Purdue University IRB as exempt category 2
classroom research (protocol no. 1601017102).

3.9

Role of the Researcher
As a researcher, I was responsible for collecting and analyzing all data associated with

the project. I have completed graduate-level coursework in both quantitative and qualitative
research methods in education and have contributed to other projects in chemistry education
research. As an undergraduate, I took a general chemistry class that followed a reformed
curriculum, and later served as a TA and contributed to efforts to evaluate the curriculum for this
course.
I have a B.S. in ciochemistry, so I am knowledgeable about the material in the 1-2-1
courses. I have also been a TA for both CHM 129 and CHM 339, and observed lectures in CHM
256 and am very familiar with the curriculum of the four courses. I have also worked closely
with both instructors throughout this project to discuss their goals for student learning and the
motivations behind curricular decisions they made.
My interest in this project began from my experiences as a TA in CHM 129. As a TA, I
was positioned between the instructor and students, which enabled me to see the curriculum from
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multiple perspectives. I had previously been a TA for other general chemistry courses at Purdue,
and noticed that students responded much more positively to CHM 129 than other courses. I later
served as a TA for CHM 339, where I had the opportunity to work with the same students I had
taught in CHM 129 as freshmen, and saw the growth and learning that had taken place over the
two-year period. I believe that learning is a long-term process, and we as educators should not be
discouraged if we do not see the results right away. In most cases, we have students in our class
for only a semester, where learning gains can be somewhat disappointing, and then never see
them again. In my own experience, working with the same students for two or more years, I have
been able to see students realize the benefits of their own hard work and commitment to learning.
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STUDENT PERFORMANCE

4.1

Tracking Student Performance Through the 1-2-1 Sequence
Three cohorts of students were followed through the 1-2-1 curriculum. The first cohort

began general chemistry in Fall 2014 (Cohort 1) and subsequent cohorts began in Fall 2015
(Cohort 2) and Fall 2016 (Cohort 3). The number of students enrolled in each of the four 1-2-1
courses for the three cohorts is shown in Table 4.1.

Table 4.1 Student enrollment in the 1-2-1 course sequence
Cohort
(Semester Entered)
Cohort 1
(Fall 2014)
Cohort 2
(Fall 2015)
Cohort 3
(Fall 2016)

CHM 129
62

Number of students enrolled
CHM 255
CHM 256
CHM 339
62
47
26

171

138

115

78

229

185

164

100

Enrollment in Cohorts 2 and 3 was much higher than Cohort 1 because CHM 129 became
a required course for entering biology majors in Fall 2015. As each cohort progressed through
the course sequence, enrollment decreased. The main reasons for students not continuing in the
sequence include: (1) not achieving a grade of “D” or better in the previous course, (2) changing
to a different academic major that did not require chemistry coursework, and (3) schedule
conflict that prevented a student from taking the class in a particular semester. Attrition was
lower for Cohort 1; these students elected to take CHM 129 rather than the traditional twosemester general chemistry sequence and may have been more motivated and committed to
complete the sequence. A small number of students who had taken one or more of the 1-2-1
courses initially but did not complete the series with their cohort later returned to courses in the
series. For the purposes of evaluation, I considered only students who took the courses
immediately following one another.
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4.2

Student Performance in Organic Chemistry
Students’ final course grades in organic chemistry I (CHM 255) and organic chemistry II

(CHM 256) were collected for three years during which the three 1-2-1 student cohorts were
enrolled in these courses. The distributions of letter grades for 1-2-1 students and non-1-2-1
students were compared in each course. Overall, 1-2-1 students performed just as well as, or
slightly better, than their traditional peers, with a greater percentage earning an A, a greater
percentage earning an A or B, and a smaller percentage earning a D or F. Exam scores were also
collected from both semesters of organic chemistry for the Fall 2015 and Fall 2016 cohorts of 12-1 students. Once again, I found that the 1-2-1 students performed just as well as, or better, than
the traditional students on all exams in both organic chemistry I and organic chemistry II.

4.2.1 Organic Chemistry Grades
Letter grade distributions for both 1-2-1 and traditional students in organic chemistry I
and II from 2015-2017 are shown in Figures 4.1 and 4.2, and reported in more detail in Tables
4.2 and 4.3. For organic chemistry II, only students who took organic chemistry I the previous
semester as part of the 1-2-1 sequence were included in these data. Students who were re-taking
either course were excluded from the data set.

Table 4.2 Organic chemistry I grades
Grade

A
B
C
D
F

Spring 2015
1-2-1
Traditional
students
students
(N=62)
(N=138)
54.8%
46.0%
21.0%
22.3%
14.5%
18.0%
6.5%
8.6%
3.2%
5.0%

Spring 2016
1-2-1
Traditional
students
students
(N=138)
(N=166)
56.2%
39.8%
27.7%
24.1%
10.9%
25.9%
2.9%
5.4%
2.2%
4.8%

Spring 2017
1-2-1
Traditional
students
students
(N=185)
(N=160)
45.9%
53.1%
28.6%
19.4%
20.0%
18.8%
3.8%
6.3%
1.6%
2.5%
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Table 4.3 Organic chemistry II grades
Grade

A
B
C
D
F

Fall 2015
1-2-1
Traditional
students
students
(N=47)
(N=100)
63.8%
54.0%
25.5%
19.0%
6.4%
16.0%
2.1%
8.0%
2.1%
3.0%

Fall 2016
1-2-1
Traditional
students
students
(N=115)
(N=115)
61.7%
40.9%
20.0%
29.6%
16.5%
20.0%
0.9%
7.8%
0.9%
1.7%

Fall 2017
1-2-1
Traditional
students
students
(N=164)
(N=115)
39.0%
41.7%
28.7%
24.3%
20.1%
22.6%
7.9%
5.2%
4.3%
6.1%
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1-2-1 Students Organic I Spring
2015 (n=62)
D
6%

F
3%

F
5%

Traditional Students Organic I
Spring 2015 (n=139)

D
9%

C
15%
A
55%

B
21%

A
46%

C
18%

B
22%

1-2-1 Students Organic I Spring
2016 (n=138)
F
2%

D
3%

Traditional Students Organic I
Spring 2016 (n=166)
D
5%

F
5%

C
11%
C
26%

A
56%

B
28%

A
40%
B
24%

D
4%

1-2-1 Students Organic I Spring
2017 (n=185)
F
1%

C
20%

B
29%

Traditional Students Organic I
Spring 2017 (n=160)
D
6%

A
46%

F
3%

C
19%
A
53%
B
19%

Figure 4.1 Grade distributions for 1-2-1 students and traditional students in organic chemistry I
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Traditional Students Organic II
Fall 2015 (n=100)

1-2-1 Students Organic II Fall
2015 (n=47)

F
3%

F
2%

D
C
2%
6%

D
8%
C
16%

B
26%

A
54%

A
64%

B
19%

1-2-1 Students Organic II Fall
2016 (n=115)

Traditional Students Organic II Fall
2016 (n=115)
F
2%

F
1%

D
1%

D
8%

C
16%

A
41%

C
20%

A
62%

B
20%

B
29%

F
4%

1-2-1 Students Organic II Fall
2017 (n=164)

D
8%
C
20%

B
29%

F
6%

Traditional Students Organic II
Fall 2017 (n=115)
D
5%

A
39%

A
42%

C
23%

B
24%

Figure 4.2 Grade distributions for 1-2-1 students and traditional students in organic chemistry II
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Grades in organic chemistry for all students were quite high, with a majority of students
earning an A or B in both semesters. Only a small percentage of students earned a grade of D or
F.
The grade distributions in both semesters of organic chemistry for cohorts 1 and 2 are
very similar. However, the grades for Cohort 3 were lower compared to the previous two years,
with fewer students earning an A and more students earning a C. Students in Cohort 3 also
earned lower grades, on average, in CHM 129 than past cohorts.
A larger percentage of students, for cohorts 1 and 2 in both semesters of organic
chemistry, earned an A compared to their peers who took the traditional two-semester general
chemistry sequence, as shown in Tables 4.2 and 4.3. For Cohort 3, the percentage of 1-2-1
students who earned an A is similar to the percentage of traditional students, though the
percentage of 1-2-1 students who earned an A or B is greater. A smaller percentage of 1-2-1
students earned a D or F compared to the traditional students, though the number of students
overall who received these grades is very small.
Table 4.4 shows the results of statistical analysis using a Pearson’s Chi-square test
comparing the grade distributions of the 1-2-1 students to those of the traditional students.

Table 4.4 Comparison of 1-2-1 and traditional students’ grades in organic chemistry I and II
1-2-1 cohort
Fall 2014 cohort

Course

Organic I
Organic II
Fall 2015 cohort Organic I
Organic II
Fall 2016 cohort Organic I
Organic II
*significant at the α=0.01 level

Semester
Spring 2015
Fall 2015
Spring 2016
Fall 2016
Spring 2017
Fall 2017

Chi-square
(df=4)
1.038
5.366
16.324
13.532
5.328
1.963

p-value
0.904
0.252
0.003*
0.009*
0.250
0.743
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The grade distributions of the 1-2-1 and traditional students were significantly different
for both organic chemistry I and II for Cohort 2 according to the Chi-square test. Students in the
1-2-1 cohort performed better in both semesters of organic chemistry compared to students who
took a traditional two-semester general chemistry course.
The differences between the 1-2-1 students and traditional students were not statistically
significant for Cohorts 1 and 3. The lack of statistical significance for Cohort 1 is likely due to
the smaller number of 1-2-1 students, and unequal group sizes, which give reduced statistical
power to detect a difference, if one exists. However, since the grade distributions for Cohort 1
were similar to those from Cohort 2, these results are consistent with the higher performance of
1-2-1 students in organic chemistry relative to their traditional peers.
For Cohort 3, the grade distributions of the 1-2-1 and traditional students were similar,
therefore the lack of statistical significance indicates that these two groups performed equally
well.
Overall, students’ grades in organic chemistry show that students who took the onesemester general chemistry course (CHM 129) as part of the 1-2-1 series performed just as well
as or better than students who took a traditional two-semester general chemistry series.

4.2.2 Exam Scores in Organic Chemistry
Average scores on each exam in organic chemistry I and II were compared between 1-2-1
and traditional students for the Cohorts 2 and 3 using an independent-samples t test. Exam scores
for Cohort 1 were not analyzed because the number of 1-2-1 students was small relative to the
number of traditional students, giving reduced statistical power to detect a difference, if one
exists. For Cohorts 2 and 3, there were a greater number of 1-2-1 students, and the group sizes
were roughly equal, lending more power and reliability to these statistical comparisons. Results
for Cohort 2, who took organic chemistry I and II in Spring and Fall 2016, respectively, are
shown in Tables 4.5 and 4.6.
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Table 4.5 Organic chemistry I exam grades, Spring 2016
Exam (points
possible)

1-2-1 students
(n=138)
average (s.d.)
88.84 (12.03)
82.85 (13.86)
75.76 (16.67)
169.16 (27.83)

Exam 1 (100)
Exam 2 (100)
Exam 3 (100)
Final Exam
(200)
*significant at the α=0.05 level

Traditional students
(n=166)
average (s.d.)
84.46 (15.34)
78.69 (16.64)
70.19 (18.90)
155.75 (33.21)

p-value

Effect size
(Cohen’s d)

0.00556*
0.025*
0.0067*
0.000146*

0.316
0.270
0.311
0.436

Table 4.6 Organic chemistry II exam scores, Fall 2016
Exam (points
possible)

1-2-1 students
(n=115)
average (s.d.)
82.48 (15.49)
73.05 (16.33)
89.72 (16.91)
167.84 (27.31)

Exam 1 (100)
Exam 2 (100)
Exam 3 (100)
Final Exam
(200)
*significant at the α=0.05 level

Traditional students
(n=115)
average (s.d.)
77.85 (15.33)
65.38 (17.09)
87.15 (16.95)
153.16 (31.17)

p-value

Effect size
(Cohen’s d)

0.025*
0.001*
0.25
0.000187*

0.300
0.459
N/A
0.501

1-2-1 students in Cohort 2 on average scored higher on exams in organic chemistry I and
II compared to their peers who took a traditional general chemistry course. This difference was
statistically significant for all exams except for the third exam in organic chemistry II. This result
is likely due to a ceiling effect, since the average score on this exam was near 90% for both
groups of students. Effect sizes were also calculated using Cohen’s d, which measures how many
standard deviations apart the group means are from one another, and all effect sizes were in the
small to medium range (0.3-0.5) (Cohen, 1969).
Students in Cohort 3 took organic chemistry I and II in Spring and Fall 2017, respectively.
Results of an independent-samples t-test comparing average exam scores between 1-2-1 and
traditional students are shown in Tables 4.7 and 4.8. Effect sizes were not calculated because
none of the differences were statistically significant.
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Table 4.7 Organic chemistry I exam scores, Spring 2017
Exam (points
possible)
Exam 1 (100)
Exam 2 (100)
Exam 3 (100)
Final Exam (200)

1-2-1 students
(n=185) average
(s.d.)
87.16 (13.86)
76.54 (14.86)
76.67 (19.42)
159.77 (29.45)

Traditional students
(n=157) average
(s.d.)
88.12 (14.94)
76.85 (16.68)
75.06 (22.85)
159.42 (32.98)

p-value

0.538
0.854
0.492
0.919

Table 4.8 Organic chemistry II exam scores, Fall 2017
Exam (points
possible)
Exam 1 (100)
Exam 2 (100)
Exam 3 (100)
Final Exam (200)

1-2-1 students
(n=162) average
(s.d.)
71.49 (18.44)
74.24 (17.02)
82.96 (19.97)
150.66 (32.31)

Traditional students
(n=112) average
(s.d.)
70.23 (19.76)
72.53 (17.28)
83.89 (19.58)
150.03 (31.45)

p-value

0.589
0.416
0.701
0.873

The 1-2-1 students in Cohort 3 performed slightly better than their traditional peers on
some of the exams in both semesters of organic chemistry, while the traditional students
performed slightly better on other exams. None of the differences were statistically significant.
This is consistent with overall grades in organic chemistry for this cohort, which were similar for
1-2-1 and traditional students in both semesters.
Overall, the average exam scores in both semesters of organic chemistry were lower in
2017 than 2016, consistent with the trend in lower overall course grades. This could mean that
the exams were more difficult, since the questions change from year to year, though covering the
same topics. No major changes were made to the content or instruction of the course between the
two years. Students in Cohort 3 also earned lower grades in CHM 129 than past cohorts, which
could mean that these students were not as well-prepared for organic chemistry, though more
data would be needed to explore this further. Nonetheless, students in Cohort 3 performed just as
well as their traditional peers in organic chemistry, earning relatively high grades in both
semesters.
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4.3

Student Performance in Biochemistry
Comparing student performance in biochemistry (CHM 339), the final course in the 1-2-1

sequence, was more complicated than comparing student performance in organic chemistry. In
CHM 339, in addition to students from the 1-2-1 cohort who had taken the previous courses in
the series, there were also students who took a traditional two-semester general chemistry
sequence followed by a traditional two-semester organic chemistry course, as well as students
who took a traditional two-semester general chemistry course followed by the 1-2-1 organic
chemistry sequence. Biochemistry also attracts students from a variety of majors. While the
majority are life science students, there are a number of engineering students and students from
other majors who take the course either as preparation for a career in health and medicine, or
because of interest in the content. Many students who are not part of the 1-2-1 cohort also wait to
take biochemistry until later in their career, so it may have been a year or more since they took
their last organic chemistry course. Since students have taken a variety of paths to biochemistry,
it was not easy to group them for the purposes of comparison. Parsing students out according to
both which general chemistry and organic chemistry courses they took resulted in groups of
students that were too small to compare meaningfully.
The groups whose performance was compared in CHM 339 were the 1-2-1 cohort (2016,
N=26; 2017, N=78) and the students who took a traditional two-semester general chemistry
sequence followed by any two-semester organic chemistry course, including the 1-2-1 organic
course (2016, N=128; 2017, N=113). The traditional group thus contained students who took
organic chemistry as part of the 1-2-1 sequence. This may mask the impact of the 1-2-1 organic
course on student performance in biochemistry and weigh it more towards the impact of general
chemistry, since the only way these students differed was in which general chemistry course they
took.
Grade distributions for both 1-2-1 and traditional students in biochemistry in Spring 2016
and Spring 2017 (Cohorts 1 and 2) are shown in Figure 4.3 and Table 4.9.
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Table 4.9 Biochemistry grades
Spring 2016
Grade 1-2-1 students
Traditional
(N=26)
students
Cohort 1
(N=128)
A
34.6%
23.4%
B
42.3%
39.1%
C
19.2%
25.0%
D
3.8%
9.4%
F
0%
3.1%

Spring 2017
1-2-1 students
Traditional
(N=78)
students
Cohort 2
(N=113)
29.5%
29.2%
48.7%
43.4%
19.2%
20.4%
2.6%
6.2%
0%
0.9%
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Traditional students biochemistry
Spring 2016 (n=128)

1-2-1 students biochemistry
Spring 2016 (n=26)
D
4%

F
3%

F
0%
C
19%

D
9%

A
35%

A
24%

C
25%

B
39%

B
42%

D
3%

1-2-1 students biochemistry
Spring 2017 (n=78)
F
0%
C
19%

A
29%

B
49%

F
1%

Traditional students biochemistry
Spring 2017 (n=113)

D
6%
C
20%

A
29%

B
44%

Figure 4.3 Grade distributions for 1-2-1 students and traditional students in biochemistry

The 1-2-1 students in Cohort 1 performed better in biochemistry (Spring 2016) than their
traditional peers, as measured by their final course grades. A greater percentage of students
earned A’s and B’s, and a smaller percentage earned C’s, D’s, and F’s. This difference was not
statistically significant (X2(4)=3.018, p=0.555), likely due to the small number of 1-2-1 students
relative to the traditional students.
Students in Cohort 2 performed equally as well as their traditional peers in biochemistry
(Spring 2017); the grade distributions were not significantly different according to a Pearson’s
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Chi-square test (X2(4)=2.302, p=0.680). While there were a greater number of students in Cohort
2 compared to the previous year, the group sizes were still unequal and there were fewer 1-2-1
students than traditional students, reducing the statistical power of the Chi-square test to detect a
difference. The traditional group also included students who took organic chemistry but not
general chemistry as part of the 1-2-1 series, introducing a confounding effect. Overall, the grade
distributions were consistent for both groups between the two years, Spring 2016 and Spring
2017.
Students’ exam scores in biochemistry (Spring 2017) were similar for 1-2-1 students and
their traditional peers, as shown in Table 4.10. None of the differences were statistically
significant according to an independent samples t-test. This is consistent with the lack of
differences between the distributions of overall grades in the course for the two groups, and not
surprising given that exam scores count for approximately two-thirds of the students’ overall
grade. Exam scores for the Fall 2014 cohort were not analyzed because the number of 1-2-1
students was small, giving limited statistical power for the sample.

Table 4.10 Biochemistry exam scores, Spring 2017
Exam (points
possible)
Exam 1 (125)
Exam 2 (125)
Exam 3 (125)
Final Exam (250)

1-2-1 students (n=78)
average (s.d.)
99.90 (13.92)
106.65 (10.08)
100.80 (15.42)
183.82 (28.82)

Traditional students
(n=113) average (s.d.)
100.80 (14.15)
103.93 (13.84)
100.81 (14.98)
188.43 (30.19)

p-value
0.666
0.120
0.996
0.293

The 1-2-1 students performed as well as the traditional students in biochemistry, despite
having only one semester of general chemistry as a prerequisite. The students’ performance in
biochemistry overall indicated that they were reasonably well-prepared by their prior chemistry
coursework. Lower-performing students who did not earn satisfactory grades in general and
organic chemistry, while few in number, did not progress to biochemistry, which could have
inflated performance of the cohort as a whole, introducing a ceiling effect that would make it
difficult to detect a difference.
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4.4

Summary
Students in the 1-2-1 sequence performed just as well as or better than their traditional

peers in organic chemistry; and just as well as their traditional peers in biochemistry, as
measured by both course grades and exam scores. These results provide answers to the first two
research questions in this evaluation study:


How do students in the 1-2-1 sequence perform in organic chemistry compared to
students who took a traditional two-semester general chemistry course?



How do students in the 1-2-1 sequence perform in biochemistry compared to students
who took traditional general and organic chemistry courses?
The higher performance of 1-2-1 students relative to their peers, and the consistency of

this result across multiple years, suggest that the 1-2-1 curriculum is having a positive impact on
students’ performance in organic chemistry and biochemistry.
It is particularly notable that the students perform just as well or better in organic
chemistry after having taken just one semester of general chemistry when compared to those
students who took two semesters of general chemistry. Furthermore, students in the 1-2-1
curriculum take organic chemistry earlier in their careers than students in the traditional students,
meaning they are generally younger and may not be as far in their epistemological and
intellectual development, which can have a significant impact on their learning of more advanced
aspects of chemistry (Grove & Bretz, 2010).
The enhanced performance of 1-2-1 students relative to their traditional peers in organic
chemistry was not observed in biochemistry, though the 1-2-1 students performed equally well.
Evaluating and comparing student performance in biochemistry was confounded by variables
that were not a problem in organic chemistry, including which organic chemistry courses a
student took and the time that might have elapsed since a student had taken organic chemistry. It
may be that students in the 1-2-1 curriculum performed better in biochemistry than students who
took strictly traditional general and organic chemistry courses, but there was not a sufficiently
large homogenous group available for a robust comparison. Analysis of available data neither
supported nor refuted this claim, as 1-2-1 students performed as well as the mixed traditional
comparison group.
Overall, these results indicate that students in the 1-2-1 curriculum are well-prepared for
organic chemistry by their one-semester general chemistry course, and well-prepared for
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biochemistry by both general chemistry and organic chemistry coursework. The number of
students who failed CHM 339 was very small in biochemistry and both semesters of organic
chemistry, with most students earning a passing grade in all three semesters.
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RETENTION AND TRANSFER OF KNOWLEDGE

5.1

Retention from General Chemistry
The 1-2-1 students’ retention of knowledge from general chemistry (CHM 129) was

measured by their performance on the pre-test they took on the first day of biochemistry (CHM
339), one year after they had completed CHM 129. Students’ responses on the pre-test were
compared to their responses on the CHM 129 final exam on identical or, in some cases,
analogous questions, as described in Section 3.5.3. The full pre-tests from both Spring 2017 and
Spring 2018 can be found in Appendix B and C, respectively. Table 5.1 shows the percentage of
students who answered each question correctly on the CHM 339 pre-test compared to the
percentage of students who answered correctly on the CHM 129 final exam for both Cohort 2
(N=76) and Cohort 3 (N=94). Students in Cohort 2 took CHM 129 in Fall 2015 and CHM 339 in
Spring 2017, and students in Cohort 3 took CHM 129 in Fall 2016 and CHM 339 in Spring 2018.
The percentage of students answering a given question correctly ranged from 13% to 95%. For
some questions, the percentage of students who answered correctly increased from the CHM 129
final exam to the CHM 339 pre-test, while for other questions the percentage decreased.

Table 5.1 Percent of students who answered questions correctly on CHM 129 final exam and
CHM 339 pre-test
Question topic

Cohort 2 (N=76)
CHM 129 final CHM 339 preexam, Fall 2015 test, Spring 2017
Resonance
78%
95%
pH/pKa
37%
62%
Intermolecular 68%
61%
forces
Hybridization 32%
37%
Enthalpy
71%
43%
Catalysts
71%
28%
Buffers
N/A
N/A

Cohort 3 (N=94)
CHM 129 final CHM 339 preexam, Fall 2016 test, Spring 2018
75%
94%
35%
71%
57%
57%
38%
78%
N/A
77%

39%
42%
N/A
13%
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The same results are shown as a graph in Figure 5.1. The percentage of students who
answered correctly on the CHM 129 final exam is shown on the x-axis, and the percentage of
students who answered correctly on the CHM 339 pre-test is shown on the y-axis. Each colored
point on the graph represents a question, labeled by topic. Points on the diagonal line represent
questions for which the percentage of students who answered a question correctly was similar on
the two assessments. A point that falls above the line indicates a question for which a larger
percentage of students answered correctly on the pre-test as compared to the general chemistry
final exam. A point that falls below the line indicates the opposite. Questions that fell on or
above the line were interpreted as evidence that students showed relatively high retention for
those topics, while those that fell below the line were interpreted as evidence that students
showed relatively low retention.

100%
Resonance
90%
80%
70%

pH/pKa

60%

Intermolecular forces

CHM 339 Pre-test
50%
(% correct)

Cohort 2 (N=76)
Hybridization

40%
30%

Enthalpy

Catalysts

20%
Buffers

10%
0%
0%

20%
40%
60%
80%
CHM 129 Final Exam (% correct)

100%

Figure 5.1 Students’ retention of topics from general chemistry

Cohort 3 (N=94)
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The overall trend observed was that students’ retention of knowledge was higher for
topics, including intermolecular forces, pH/pKa, resonance, and hybridization, that were
introduced in general chemistry and then revisited in organic chemistry, whereas retention was
lower for topics, such as buffers, catalysts, and thermodynamics, that were introduced in general
chemistry and not explicitly discussed in organic chemistry. Possible reasons for this trend and
more detailed analysis of the results by topic are discussed below.
The results for questions that appeared on the pre-test in both years were remarkably
consistent, as shown in Table 5.1. While the individual cohorts represent separate groups of
students, they had all taken the same general and organic chemistry courses as part of the 1-2-1
curriculum and those courses had been taught by the same professors. These data therefore
indicate that at the cohort level, the two groups of students demonstrate similar learning
outcomes from year to year at the cohort level.
Comparing paired responses for individual students on the CHM 129 final exam and
CHM 339 pre-test shows the same trend as the aggregated data. However, even for topics where
retention was high overall, it was not the same students who gave the same response. Figure 5.2
shows the percentage of students in Cohort 3 divided into the four possible categories of
responses: correct on both exams, correct on one exam but not the other, and incorrect on both
exams.
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Figure 5.2 Comparison of individual students’ responses on CHM 129 final exam/CHM 339 pretest (Cohort 3, N=94)

On questions where retention was high overall (resonance, IMF, hybridization, pH/pKa),
the majority of students either answered correctly at both times or answered incorrectly at both
times. Approximately 20% of students, however, gave different answers on the two assessments.
An approximately equal number of students changed from correct to incorrect as changed from
incorrect to correct. The two exceptions to this trend were the pH/pKa question and the resonance
question, which were the only questions that had an overall increase in the percentage of correct
responses from the general chemistry final to the pre-test. These responses would indicate that
these students learned something about the relationship between pH and pKa and how to draw a
resonance structure during the year-long organic chemistry course.
On questions where retention was low (enthalpy, buffers, and catalysts), a larger
percentage of students changed from a correct answer to an incorrect answer, and very few
students changed from an incorrect answer to a correct answer. Within the framework of
retention, this would indicate that these students forgot what they had learned, and, perhaps, that
they did not learn it very well in the first place.
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There appeared to be no correlation between the percentage of students who answered a
question correctly on the CHM 129 final exam and the level of retention for that topic as
demonstrated on the CHM 339 pre-test. Questions that were answered correctly by over 70% of
the students on the CHM 129 final exam (buffers, enthalpy, catalysts, and resonance) indicate a
high degree of initial learning for these topics. However, on the CHM 339 pre-test, students
demonstrated high retention for some of these topics, and low retention for others. This suggests
that the degree of initial learning, as measured by these questions, was not a predictor of
retention. Findings in the literature regarding how degree of initial learning affects retention have
been mixed (Semb & Ellis, 1994; Willingham, 2009). In our study, there are other factors
besides degree of initial learning that appear to have a large impact on students’ level of retention.
All of the approaches used in this study to measure retention support the claim that topics
revisited in organic chemistry (intermolecular forces, hybridization, resonance, and pH/pKa)
showed higher retention than topics that were not explicitly discussed in organic chemistry
(enthalpy, buffers, catalysts), regardless of the level of performance on the CHM 129 final exam.
Measuring retention in a relative way rather than in absolute terms and also tracking individual
students adds some nuance to this claim but does not contradict it. The following sections
provide a more detailed discussion of each topic included on the pre-test, as well as descriptions
of how each topic was taught within the 1-2-1 curriculum to give context to the results.
5.1.1 Resonance
On both the CHM 129 final exam and the CHM 339 pre-test, students were asked to draw
resonance structures for the bicarbonate ion, HCO3-. A greater percentage of students were able
to draw a correct resonance structure on the pre-test as compared to the general chemistry final
exam, a result that was remarkably consistent between the two cohorts, as shown in Figure 5.3.
Students demonstrated high retention of their ability to draw resonance structures.
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Figure 5.3 Students’ drawing of resonance structures for the bicarbonate ion (Cohort 2, N=76;
Cohort 3, N=94)

Students were introduced to resonance structures in CHM 129 while learning how to
construct Lewis structures. They received practice with this skill both in class and on homework
assignments, and their ability to draw resonance structures was assessed on exams. By the end of
general chemistry, a majority of students demonstrated competence at this skill on the final exam.
There was continued emphasis on students’ ability to draw resonance structures throughout the
two-semester organic chemistry sequence in a variety of contexts. Students were also assessed on
this skill on exams in organic chemistry. When these students began biochemistry, after
completing two semesters of organic chemistry, they demonstrated improved ability to draw
resonance structures, with nearly all of the students drawing a correct resonance structure on the
pre-test.

5.1.2 Acid-base Chemistry
The 1-2-1 students demonstrated high retention for acid-base chemistry, specifically the
relationship between pH, pKa, and the protonation state of a molecule. Students were asked to
identify the pH at which ibuprofen would be in its neutral, protonated state, given that its
pKa=4.5. This question was one of only two questions for which a greater percentage of the
students answered correctly on the pre-test than on the general chemistry final (Figure 5.1).
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Figure 5.4 shows students’ responses to this question on the general chemistry final exam and the
pre-test.

pH 2.0

Cohort 2 GC final
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Figure 5.4 Students’ responses to the question “at which pH will ibuprofen (pKa=4.5) be in its
neutral protonated form?” (Cohort 2, N=76; Cohort 3, N=94)

The percentage of students who chose the correct answer, pH 2.0, was higher on the pretest than on the general chemistry final for both cohorts of students. Most of the students who
answered correctly on the pre-test also chose the correct explanation “when pH<pKa, the
molecule is protonated.” Most of the students who selected an incorrect answer on the pre-test
when they were asked to choose the best explanation, chose “when pH>pKa, the molecule is
protonated,” when asked to explain their answer. This is the opposite of the correct relationship
between pH, pKa, and protonation state, which suggests that these students knew there was a
relationship but may have answered the question algorithmically instead of basing their answer
on a conceptual understanding. The students were not asked to explain their answer on the
general chemistry final, so it is not known why they chose the incorrect answer.
The 1-2-1 students were introduced to acid-base chemistry, including the relationship
between pH and pKa, in general chemistry. One of the major goals of that portion of the course
was for students to understand the meaning of a pKa value and to be able to use this information
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to make predictions. While students’ responses to this question on the general chemistry final
indicate that many students could not interpret a pKa value to predict the protonation state of a
molecule at a particular pH at the end of general chemistry, by the time they began studying
biochemistry a year later, the majority of students were able to do this accurately because the
relationship between pKa and pH was stressed repeatedly throughout the two-semester organic
chemistry course in a variety of contexts. The first semester of organic chemistry included a
review of acid-base chemistry including the meaning of a pKa value, and students were assessed
on their ability to apply this concept to determine the protonation state of organic compounds at a
given pH. In the second semester of organic chemistry, the relationship between pH and pKa was
applied to determining mechanisms for reactions of carboxylic acids and their derivatives under
acidic and basic conditions.
The results from the pre-test indicate that the students’ understanding of this concept
improved as a result of taking the two-semester organic chemistry course. This is important
because the ability to use pKa values to determine protonation state is crucial to understanding
the chemistry of amino acids and proteins in biochemistry.

5.1.3 Intermolecular Forces
Students also showed high retention on the topic of intermolecular forces. When asked to
identify the types of intermolecular forces present between molecules of trimethylamine, a
majority of the students (57%) correctly chose dispersion and dipole-dipole on both the general
chemistry final exam and the pre-test, as shown in Figure 5.5.
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Figure 5.5 Students’ identification of intermolecular forces present in trimethylamine (Cohort 3,
N=94)

The most frequently selected explanation for this answer was that trimethylamine (Figure
5.6) is polar because of the more electronegative nitrogen atom. Less commonly selected was the
explanation that the molecule was polar because of its three-dimensional shape. Students
appeared to focus more on electronegativity and less on shape when making decisions about
polarity. This observation is consistent with the finding in the literature that students tend to
make decisions based on a single factor more commonly than evaluating multiple factors across
a variety of contexts (Domin et al., 2008; Maeyer & Talanquer, 2010).

Figure 5.6 Trimethylamine structure
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The students’ performance on this question remained more or less the same from the
general chemistry final exam to the pre-test. Students showed higher retention on this topic than
on many of the other topics on the pre-test. Intermolecular forces were introduced in general
chemistry and reviewed in organic chemistry, which apparently acted to reinforce the students’
knowledge. However, unlike the topic of acid-base chemistry, students’ understanding of
intermolecular forces in this study did not appear to improve over the course of the two-semester
organic chemistry sequence. Other studies (Williams et al., 2015) have indicated that students
who do not grasp this concept by the end of general chemistry, they are unlikely to get it in
organic chemistry; that is, misunderstanding remains stable over the year-long organic chemistry
sequence, which is consistent with our results.
On the pre-test, 26% of the students indicated that trimethylamine could participate in
hydrogen bonding with other molecules of the same substance. Not surprisingly, the explanation
most frequently chosen to support this was “The molecule can hydrogen bond because it has
hydrogen atoms.” Despite three semesters of instruction in chemistry, including repeated explicit
instruction and assessment on intermolecular forces, a number of students still appear to hold the
belief that hydrogen bonding can take place with any hydrogen atom, not just one bonded to a
more electronegative N, O, or F atom. It is also possible that students confuse an intermolecular
hydrogen bonding interaction with an intramolecular covalent bond between a hydrogen atom
and another atom. Misconceptions about hydrogen bonding and other intermolecular forces have
been reported in the literature among students at all levels of undergraduate study (Henderleiter
et al., 2001; Williams et al., 2015). The percentage of students identifying hydrogen bonding as
an intermolecular force between molecules of trimethylamine actually increased from the general
chemistry final exam (16%) to the pre-test (26%). This observation is consistent with the
documented persistence of misconceptions about hydrogen bonding reported in the literature
(Henderleiter et al., 2001; Williams et al., 2015).

5.1.4 Hybridization
The 1-2-1 students showed relatively high retention of the topic of hybridization.
However, the percentage of students giving correct answers was relatively small on both the
general chemistry final exam and the pre-test. When asked to identify the hybridization of the
nitrogen atom in an amide functional group, fewer than 40% of the students correctly identified it
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as sp2 on either the general chemistry final exam or the pre-test, as shown in Figure 5.7. Of the
students who did answer correctly, the majority of them selected “The molecule has a resonance
structure with an N-C double bond” as the explanation for their answer on the pre-test.
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Figure 5.7 Students’ identification of the hybridization of an amide nitrogen (Cohort 2, N=76;
Cohort 3, N=94)

The majority of the students identified the hybridization of the nitrogen atom as sp3, and
the most commonly selected explanation for this answer was “there are 4 regions of electron
density around the nitrogen.” This answer is consistent with what the students were taught about
hybridization, that the number of hybrid orbitals is equal to the number of regions of electron
density around an atom, including both bonding and non-bonding regions. However, students
who answered this way neglected to consider the impact of resonance on the hybridization of this
structure (Figure 5.8). Even when resonance was explicitly given as an explanation choice on the
pre-test, the majority of students still did not consider resonance.
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Figure 5.8 Resonance structures of amide functional group

This suggests that understanding how resonance affects hybridization is a persistent
challenge for students throughout their study of chemistry. This problem may be related to the
abstract nature of the concept of hybridization, including the way Lewis structures and resonance
structures are represented, which the literature shows can cause problems for students at all
levels (Cooper et al., 2010). On the question on the pre-test where students were asked to draw a
resonance structure for the bicarbonate ion, almost all of the students (95%) drew a correct
resonance structure. Even though students can draw resonance structures correctly, this does not
necessarily mean they can successfully relate the structure to its properties.
Students in the 1-2-1 sequence were first introduced to hybridization and resonance in
general chemistry, and the topic was covered again in the first semester of organic chemistry. In
the second semester of organic chemistry, it was discussed within the context of carbonyl
reactions. The relationship between hybridization and resonance, and the particular instance of
an amide group, was stressed repeatedly because of its importance to understanding peptide bond
structure in biochemistry. The resonance and hybridization of an amide functional group, which
comprises a peptide bond between amino acids in a protein, explains the rigid and planar nature
of the peptide bond, which in turn helps explain protein structure. Students seeing this concept
repeatedly over the course of three semesters of instruction explains the relatively high level of
retention. However, it is still problematic that the majority of students did not answer the
question correctly even after organic chemistry, and the number of students answering correctly
did not increase from the end of general chemistry to the beginning of biochemistry.
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5.1.5 Thermodynamics
The 1-2-1 students demonstrated relatively low retention of the topic of thermodynamics.
On both the CHM 129 final exam and the pre-test, students were asked to determine the enthalpy
change in a dissolution process, given that this resulted in a decrease in temperature. Students
were asked to both identify whether the process was endothermic or exothermic as well as
whether the enthalpy change (H) was positive or negative. Students’ responses to this question
are shown in Figure 5.9.

△H<0, exothermic

△H>0, exothermic
Cohort 2 GC final
Cohort 3 GC final
△H<0, endothermic

Cohort 2 pre-test
Cohort 3 pre-test

△H>0, endothermic

0%

20%

40%
60%
Percentage of students

80%

100%

Figure 5.9 Students’ identification of the enthalpy change in a dissolution process (Cohort 2,
N=76; Cohort 3, N=94)

On the general chemistry final exam, the majority of students correctly identified the
process as endothermic, and the sign of the enthalpy change (H) as positive. However, on the
pre-test, fewer students answered this question correctly. Many students responded on the pretest that the process was endothermic but had a negative H value. Taken together, the majority
of the students correctly identified the process as endothermic, which represents fairly high
retention, but the students had poorer retention for the sign of H. The majority of students who
correctly identified the process as endothermic on the pre-test selected “heat is absorbed” as their
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explanation, indicating that these students correctly associated a decrease in temperature of the
surroundings with the system’s absorption of energy (heat).
The students were taught about enthalpy as part of a unit on thermodynamics near the end
of general chemistry in the 1-2-1 curriculum. Thermodynamics was never explicitly discussed in
organic chemistry. This supports the overall finding that retention was higher for topics revisited
in organic chemistry. However, many students remembered the observable distinction between
an endothermic and exothermic process, namely a decrease or increase in temperature of the
surroundings. Fewer students remembered the sign convention for H, which may mean that
these students have a more qualitative than quantitative understanding of thermodynamics, or
that this convention was a small detail less integrated into their understanding of
thermodynamics and thus was more readily forgotten. Either way, it may be helpful to remind
students of the sign conventions when discussing thermodynamics in biochemistry because this
is important in understanding spontaneity and free energy changes in biochemical reactions.

5.1.6 Catalysts
The 1-2-1 students showed relatively low retention of knowledge about catalysts.
Students were asked to identify the correct statement about catalysts from among several options;
responses are shown in Figure 5.10. The percentage of students selecting the correct answer, “a
catalyst alters the mechanism of a reaction,” was significantly smaller on the pre-test (28%) than
on the general chemistry final (71%). The most commonly selected incorrect answer on the pretest was “a catalyst can make a non-spontaneous reaction become spontaneous,” which is a
common misconception that has been documented in the literature (Wolfson et al., 2014).
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can make a non-spontaneous reaction
become spontaneous
is produced in one step and consumed
at a later step
increases the activation energy

Cohort 2 GC final
Cohort 2 pre-test

alters the mechanism
speeds up the reaction by making it
more exothermic
0%

20%
40%
60%
80%
Percentage of students

100%

Figure 5.10 Students’ responses to the question “which statement about a catalyst is true?”
(Cohort 2, N=76)

The students were taught about the role of catalysts as part of a unit on kinetics in general
chemistry within the 1-2-1 curriculum. In addition to a general explanation of how catalysts
work to increase the rates of chemical reactions, enzymes were presented as examples of
catalysts in biological systems. How catalysts work was not explicitly discussed in organic
chemistry, but many examples of catalysts for organic reactions, including enzymes, were
included throughout both semesters of organic chemistry. Additionally, the word “mechanism”
has a very specific meaning in organic chemistry, typically associated with the movement of
electrons and the arrow-pushing formalism, which may have confused students and caused them
not to select the correct answer, since it contained the word “mechanism.” This misalignment in
how the term “mechanism” is used, combined with a lack of explicit discussion of how catalysts
work, likely led to students’ poor retention of this topic.
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5.1.7 Buffers
The students showed the lowest retention on the topic of buffers, which was also the
lowest-scoring question on the pre-test. On this question, students were asked to identify the
aqueous mixture that would make a buffer solution from among a list of pairs of compounds. On
the general chemistry final exam, 77% of the students correctly identified the weak
acid/conjugate base pair phosphoric acid (H3PO4) and monosodium phosphate (NaH2PO4) as a
buffer, which would appear to indicate a good understanding of this concept. However, when the
students were asked this question on the pre-test a year later, only 13% of them answered
correctly, as shown in Figure 5.11.

HCl/NaCl
NaHPO₄/NaNO₃
H₃PO₄/NaH₂PO₄

Cohort 3 GC final
Cohort 3 pre-test

H₂SO₄/CH₃COOH

NH₃/NaOH
0%

10% 20% 30% 40% 50% 60% 70% 80% 90%
% of students

Figure 5.11 Students’ identification of a buffer solution (Cohort 3, N=94)

No single incorrect answer choice was chosen by more than a third of the students, with
responses distributed among all four incorrect answers, as shown in Figure 5.X. The most
commonly chosen incorrect answer on the pre-test, selected by 32% of students, was a mixture
of sulfuric acid (H2SO4) and acetic acid (CH3COOH). Students were likely familiar with these
compounds from both general and organic chemistry, where they both come up frequently, but a
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mixture of the two does not make a buffer. Sulfuric acid is a strong acid and acetic acid is a weak
acid, and they are not a conjugate pair. The compounds in the other answers (NaOH, HCl, NH3)
should have been equally familiar to the students. There was no explanation tier for this question
since it was added to the pre-test in 2018, so it is unknown why students answered the way they
did. What is clear, however, is that the majority of these students did not remember what makes
up a buffer at the beginning of their biochemistry course.
The students were introduced to buffers in general chemistry and taught that a buffer is a
mixture of a weak acid and its conjugate base. It is possible that students memorized this fact
with minimal understanding in general chemistry, which allowed them to answer exam questions
correctly, but they forgot the information because it was not integrated into their understanding
of chemical systems. These results suggest that students may struggle with the concept of
conjugate acid/base pairs. Additionally, the presence of the sodium counterion (Na+) with the
conjugate base may have caused some difficulty for students, as misconceptions about ionic
compounds and salts are well-known (Kelly & Jones, 2008). Buffers are not explicitly discussed
in organic chemistry, so students were not prompted to recall or use their knowledge of buffers
during the course, which likely contributed to the low retention that was observed. These results
are consistent with other findings in the literature that indicate that students struggle with
conceptual understanding of buffers and solving buffer-related problems from general chemistry
through biochemistry and other upper-level chemistry courses (Orgill & Sutherland, 2008).

5.1.8 General Chemistry Retention Summary
The takeaway finding from assessing students’ retention of knowledge from general
chemistry in the 1-2-1 curriculum is that the most important factor affecting retention was what
the students did with their knowledge between the end of general chemistry and the beginning of
biochemistry. During this year-long period, 1-2-1 students took two semesters of organic
chemistry. Students demonstrated higher retention for topics that were revisited throughout
organic chemistry in a variety of contexts than topics that were not explicitly discussed in
organic chemistry. Higher levels of retention, and in some cases, learning, was observed when
the students were prompted to recall and think about these concepts during organic chemistry.
Table 5.2 shows which topics from the pre-test were assessed on exams in the two-semester
organic chemistry course. An X in the table indicates that a particular topic was assessed on at
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least one question on a given exam. As we can see by comparing Tables 5.1 and 5.2, students
demonstrated the highest retention for topics that were assessed multiple times, while they
demonstrated the lowest retention for topics that were not assessed in organic chemistry, despite
higher performance on these topics on the CHM 129 final exam.

Table 5.2 Topics assessed on organic chemistry exams
Topic

Resonance
IMFs
Hybridization
pH/pKa
Enthalpy
Catalysts
Buffers

5.2

Organic chemistry I (CHM 255)
Organic chemistry II (CHM 256)
Spring 2016
Fall 2016
Exam 1 Exam 2 Exam 3 Final Exam 1 Exam 2 Exam 3 Final
X
X
X
X
X
X
X
X
X
X
X

Retention from Organic Chemistry
Three questions on the pre-test in both 2017 and 2018 assessed students’ retention of

knowledge from the organic chemistry II (CHM 256) final exam. Students were asked to propose
a mechanism for three organic reactions: peptide hydrolysis under basic conditions, peptide
hydrolysis catalyzed by a protease enzyme, and ATP hydrolysis under basic conditions. On the
2017 pre-test, students were asked to draw mechanisms using the arrow-pushing formalism; on
the 2018 pre-test, they were asked to select the correct mechanism from among multiple-choice
options. Overall, retention was low for these questions, which students had seen on the CHM 256
final exam they had taken only a month prior to taking the CHM 339 pre-test. On the CHM 256
final exam, students were asked to draw mechanisms, so the 2017 pre-test completed by students
in Cohort 2 is a more accurate assessment of retention, since the questions were asked in the
same format.
All mechanisms were coded based on the strategy students used, as described in Section
3.6.2.2. The most common strategies identified for each reaction and the percentage of students
in Cohort 2 who drew each type of mechanism on the CHM 256 final and the pre-test are given

100
in Table 5.3. These data only include the most frequently drawn mechanisms for each reaction,
students who drew more unique (chemically incorrect) mechanisms, drew mechanisms that were
unintelligible, or left a question blank are not included. For all three reactions, the percentage of
students who drew the correct mechanism was lower on the CHM 339 pre-test than on the CHM
256 final exam. This indicates that a substantial number of students forgot what they had learned
in the short (four-week) interval between the two assessments.

Table 5.3 Student-generated reaction mechanisms (Cohort 2, N=74)
Reaction

Mechanism

Peptide hydrolysis
in basic conditions

NAS with -OH
nucleophile*
NAS with H2O
nucleophile
NAS with -OH
nucleophile (H2O
activated by enzyme
carboxylate)*
NAS with enzyme
carboxylate nucleophile
NAS with H2O
nucleophile
SN2 with -OH
nucleophile*
NAS with -OH
nucleophile

Peptide hydrolysis
catalyzed by
enzyme

ATP hydrolysis
under basic
conditions

CHM 256 final exam
(% of students)
72%

CHM 339 pre-test
(% of students)
54%

26%

35%

18%

14%

36%

30%

28%

9%

84%

51%

1%

23%

*correct mechanism

For the peptide hydrolysis reaction in basic conditions, the majority of students correctly
drew a nucleophilic acyl substitution (NAS) mechanism using hydroxide (-OH) as the
nucleophile attacking the carbonyl carbon, as shown in the student example in Figure 5.12.
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Figure 5.12 Student-generated mechanism for peptide hydrolysis reaction, NAS with hydroxide
nucleophile

The second most frequently drawn mechanism was an NAS mechanism using water as
the nucleophile, as shown in the student example in Figure 5.13. Students who drew this type of
mechanism commonly used hydroxide as a base to deprotonate the water after it had added to the
carbonyl. While this is a chemically plausible reaction, it would not occur under basic conditions
because hydroxide is a stronger nucleophile than water.

Figure 5.13 Student-generated mechanism for peptide hydrolysis reaction, NAS with water
nucleophile
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The percentage of students who used hydroxide as a nucleophile decreased significantly
from the CHM 256 final exam to the pre-test, while the percentage of students who used water as
a nucleophile increased. However, almost all of the students drew an NAS mechanism on both
assessments. On the CHM 256 final exam, 98% of the students drew an NAS mechanism, and on
the pre-test, 90% of the students drew an NAS mechanism. This indicates that most of the
students remembered that the peptide hydrolysis reaction would proceed by an NAS mechanism,
and knew how to draw it, but fewer students remembered what the nucleophile was in the
reaction. Of the three reactions on the pre-test, students demonstrated the highest retention for
this mechanism.
On the enzyme-catalyzed peptide hydrolysis reaction, the percentage of students who
drew the correct mechanism decreased slightly from the CHM 256 final exam (18%) to the pretest (14%). The correct mechanism is an NAS reaction proceeding by activation of water by a
carboxylate group in the enzyme’s active site, allowing it to add to the electrophilic carbonyl
carbon, as shown in the student example in Figure 5.14. The percentage of students who drew
the correct mechanism for the enzyme-catalyzed reaction was smaller than the percentage of
students who drew the correct mechanism for the peptide hydrolysis reaction in basic conditions.

Figure 5.14 Student-generated mechanism for enzyme-catalyzed peptide hydrolysis reaction,
NAS with water nucleophile activated by enzyme’s carboxylate
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The most frequently drawn mechanism for this reaction was an incorrect assumption that
it occurred by an NAS mechanism using the carboxylate from the active site of the enzyme as a
nucleophile attacking the carbonyl carbon, as shown in the student example in Figure 5.15. The
percentage of students who drew this mechanism decreased from the CHM 256 final exam to the
pre-test, but it remained the most frequently given answer.

Figure 5.15 Student-generated mechanism for enzyme-catalyzed peptide hydrolysis reaction,
NAS with carboxylate nucleophile

Overall, the percentage of students who drew an NAS mechanism for this reaction using
any nucleophile was much lower on the pre-test than on the CHM 256 final exam. On the CHM
256 final exam, 82% of the students drew an NAS mechanism for this reaction, while on the pretest, only 53% of the students did. Approximately 37% of the students left the question blank on
the pre-test, indicating that they did not remember the mechanism. Students demonstrated lower
retention for the mechanism of the peptide hydrolysis reaction catalyzed by an enzyme compared
to the peptide hydrolysis reaction in basic conditions.
The results for the ATP hydrolysis reaction showed a different pattern than the peptide
hydrolysis reactions. For both peptide hydrolysis reactions, most students drew the same type of
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mechanism (NAS), though they differed in their choice of nucleophile. However, for the ATP
hydrolysis reaction, students mainly drew two different types of mechanisms. The correct
mechanism for this reaction is a one-step SN2 substitution mechanism on phosphorous, as shown
in the student example in Figure 5.16. While many students drew this correct mechanism, others
incorrectly drew a two-step NAS substitution reaction, treating the phosphate group like a
carbonyl, as shown in Figure 5.17. On the CHM 256 final exam, 84% of the students correctly
drew an SN2 mechanism, while only 1% of the students drew an NAS mechanism. On the pretest, the percentage of students who correctly drew an SN2 mechanism was lower (51%) than on
the CHM 256 final exam, while a greater percentage of students (23%) incorrectly drew an NAS
mechanism.

Figure 5.16 Student-generated mechanism for ATP hydrolysis reaction, SN2
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Figure 5.17 Student-generated mechanism for ATP hydrolysis reaction, NAS

In CHM 256, the instructor emphasized that phosphate groups, such as those in ATP,
undergo an SN2 substitution reaction rather than an NAS reaction. Phosphate groups are typically
represented as having a double bond between the phosphorous atom and one of the oxygen
atoms, with single bonds between the phosphorous atom and other three oxygen atoms. In reality,
however, a phosphate group has four equivalent bonds between the phosphorous atom and four
surrounding oxygen atoms. This was emphasized in CHM 256, and the instructor had the
students draw resonance structures for a phosphate group in class. Based on the results of the
CHM 256 final exam, it would appear that most of the students knew that phosphate undergoes
an SN2 rather than an NAS reaction. However, based on the results of the pre-test four weeks
later, it appears that many students forgot this and instead drew an NAS mechanism.

5.2.1 Multiple-choice Mechanisms
The most frequently drawn mechanisms for each reaction (Table 5.3) from the 2017 pretest were converted into multiple-choice answers on the 2018 pre-test (see Appendix B and C for
the complete pre-test). Theoretically, this should have decreased the cognitive demand on
students, because they only had to recognize the correct answer from among two or three options,
rather than generating their own mechanisms. Studies have shown generally higher retention on
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multiple-choice questions simply because the students only have to recognize the correct answer
rather than recall the answer from memory (Marsh & Cantor, 2014). Table 5.4 shows the results
for the organic reaction mechanism questions on both the 2017 pre-test (students drew
mechanisms) compared to the 2018 pre-test (multiple-choice answers).

Table 5.4 Comparison between student-drawn mechanisms and multiple-choice mechanisms on
pre-test (2017 N=76, 2018 N=94)
Reaction

Mechanism

Peptide hydrolysis
in basic conditions
Peptide hydrolysis
catalyzed by
enzyme

NAS with -OH nucleophile*
NAS with H2O nucleophile
NAS with -OH nucleophile
(H2O activated by enzyme
carboxylate)*
NAS with enzyme
carboxylate nucleophile
NAS with H2O nucleophile
SN2 with -OH nucleophile*
NAS with -OH nucleophile

ATP hydrolysis

2017 pre-test
(students drew
mechanisms)
(% of students)
54%
35%
14%

2018 pre-test
(multiple-choice)
(% of students)

30%

33%

9%
51%
23%

46%
60%
40%

50%
50%
21%

*correct mechanism

Overall, the percentages of students who chose each mechanism were generally higher
when the questions were in a multiple-choice format because all of the students answered each
question. When the students were asked to draw their own mechanisms on the pre-test, some
students left questions blank, or drew mechanisms that were incomplete or did not match any
accepted reaction mechanism. As might be expected, the multiple-choice format appeared to
encourage students to guess more frequently than the free-response format.
The relative distribution of answers for each question was also different when the format
was changed from free-response to multiple-choice. For the peptide hydrolysis reaction in basic
conditions, a greater percentage of students incorrectly chose the NAS mechanism with water as
the nucleophile. However, 50% of the students chose each answer for this question, which
matches the results that would have been observed if the students had guessed at random.
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For the enzyme-catalyzed peptide hydrolysis reaction, a larger percentage of students
chose the correct mechanism when the question used a multiple-choice format compared to a
free-response format. However, since a larger percentage of students also chose each of the two
incorrect mechanisms, this is likely the result of the increased number of students who answered
the question instead of leaving it blank. A large percentage of students (37%) left this question
blank on the pre-test when it was presented in free-response format. Overall, the percentage of
students who chose the correct answer in either format remained relatively small for this question.
The most significant change for this reaction was that a larger percentage of students chose the
NAS mechanism with water as a nucleophile when it was presented in a multiple-choice format
(46%) compared to when it was presented in a free-response format (9%).
The results for the ATP hydrolysis reaction were similar to those discussed above.
Responses shifted more towards the incorrect NAS mechanism and away from the correct SN2
mechanism when the question was changed to a multiple-choice format. The format could have
encouraged more students to guess, or perhaps a greater percentage chose the NAS mechanism
because it looked more familiar, since they spent so much time studying carbonyl chemistry in
CHM 256.
Overall, presenting the mechanism questions in a multiple-choice format resulted in more
students answering the questions, which had an effect on the type of retention being measured,
i.e., recognition versus recall. The mechanism questions on the CHM 256 final all asked students
to draw their own mechanisms. Because of this difference in format, I did not compare students’
responses from the organic mechanism question on the pre-test to their responses on the CHM
256 final exam for Cohort 3.

5.3

Transfer in Organic Mechanisms
As a measure of students’ transfer of knowledge, I tabulated the students’ responses to

the peptide hydrolysis reactions in different contexts on both the final exams and the CHM 339
pre-test. The types of mechanisms students from Cohort 2 drew for the peptide hydrolysis
reaction in both contexts are shown in Table 5.5 for the CHM 256 final exam, and Table 5.6 for
the pre-test. Students who left one or both questions blank are not included in these data. On the
CHM 256 final, only four out of the 76 students left either question blank. On the pre-test,
however, almost half of the students (n=35) left one or both questions blank. As discussed in the
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previous section, retention for the reaction mechanisms from the CHM 256 final exam to the pretest was relatively low. Because of this, I focused primarily on the results from the CHM 256
final in studying transfer in the context of organic reaction mechanisms, as it provided a richer
data set for analysis.

Table 5.5 Peptide hydrolysis reaction in two contexts, CHM 256 final exam (Cohort 2 N=76)
Number of students

Enzymecatalyzed

NAS with -OH nucleophile
(H2O activated by enzyme
carboxylate)*
NAS with carboxylate
nucleophile

NAS with H2O nucleophile
Other
Total
*correct mechanism

Basic conditions (NaOH)
NAS with -OH NAS with H2O
nucleophile*
nucleophile
11
2

Total
13

23

3

26

8
10
52

12
3
20

20
13
72

Table 5.6 Peptide hydrolysis reaction in two contexts, CHM 339 pre-test (Cohort 2 N=76)
Number of students

Enzymecatalyzed

NAS with -OH nucleophile
(H2O activated by enzyme
carboxylate)*
NAS with carboxylate
nucleophile

NAS with H2O nucleophile
Other
Total
*correct mechanism

Basic conditions (NaOH)
NAS with -OH NAS with H2O
nucleophile*
nucleophile
7
2

Total
9

13

7

20

0
4
24

7
1
17

7
5
41
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Three general patterns emerged from the data: first, almost all of the students who drew
the correct mechanism for the enzyme-catalyzed reaction with the water nucleophile activated by
the carboxylate group used hydroxide as a nucleophile for the reaction under basic conditions. It
seems that students did not come up with this strategy unless they knew that hydroxide was an
appropriate nucleophile for the reaction. Since there is no free hydroxide present under biological
conditions, students created it by using the carboxylate group from the enzyme active site as a
base to deprotonate a water molecule, as shown in Figure 5.18.

Figure 5.18 Student-generated mechanism showing the deprotonation of water by the enzyme
active site

This strategy led these students to propose a correct mechanism for the enzyme-catalyzed
reaction. One student commented:
It [the enzyme] takes one hydrogen off the water and which then ‘automatically’ adds to
the carbonyl, and the same mechanism is carried out, but without the NaOH (because we
can’t have that just hanging around in the body).
It is not clear from the data whether other students thought about the reason why free hydroxide
was not present in the second reaction, or just did not use it because it was not depicted in the
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reaction. There is some evidence that they did not think about this, as many students drew the
formation of hydroxide as a separate step, rather than adding to the carbonyl in a concerted
fashion, as shown in Figure 5.19.

Figure 5.19 Student-generated mechanism showing the deprotonation of water by the enzyme
active site to form hydroxide as a separate step

The second pattern observed was that many students who used water as a nucleophile in
the reaction under basic conditions also used water as a nucleophile in the reaction catalyzed by
an enzyme. Since water is depicted in both reactions, these students apparently did not see a need
to change their choice of nucleophile. Most of these students used hydroxide as a base to
deprotonate the water after it had added to the carbonyl in the reaction under basic conditions,
and then used the carboxylate from the enzyme active site as a base to perform the same function
in the enzyme-catalyzed reaction, as shown in Figure 5.20.
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Figure 5.20 Student-generated mechanism that shows water (H2O) being used as a nucleophile in
both reactions
It appears that these students were thinking of hydroxide and the carboxylate group as
bases rather than nucleophiles. This could be either due to a reliance on shared surface features,
since both contain a negatively charged oxygen atom or a reliance on prior knowledge that both
substances are common bases. It is not clear why these students chose to use water as a
nucleophile, but once they made that choice in the first reaction it was likely to transfer to the
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second reaction. Most of the students who drew these types of mechanisms arrived at the correct
products, so they had no reason to question their strategy or believe it was not correct.
The third common pattern observed was that some students who used hydroxide as a
nucleophile in the first reaction used the carboxylate as a nucleophile in the second reaction. This
could be due to a reliance on shared surface features (the negatively charged oxygen). The first
part of these students’ mechanisms all looked similar: an NAS reaction with the carboxylate
replacing the nitrogen group on the carbonyl. From here, students took different paths. Some of
them stopped at that point, short of forming the correct products, presumably because they did
not know what to do next in order to generate the products. Other students drew a second NAS
reaction with water as the nucleophile to replace the carboxylate group. This is a plausible
mechanism, and does occur in some enzymes, though not with this particular enzyme (HIV
Protease). The remaining students drew a variety of different things in an attempt to form the
products of the reaction. Some depicted a NAS-like mechanism using water as a nucleophile to
add to the carbonyl carbon of what had been the carboxylate, and then having the carboxylate
oxygen as the leaving group. This is plausible, as the carbonyl carbon would be electrophilic and
the oxygen would be a reasonable leaving group. This results not only in formation of the
products, but also re-generation of the enzyme active site. However, some students drew
mechanisms that were either impossible or unintelligible, including carbon as a leaving group,
protonation of the central oxygen between two carbonyl groups, or simply replacing the carbonyl
with a hydrogen atom from a water molecule.
It appears that even when students are able to produce a correct mechanism for a reaction,
as in the peptide hydrolysis under basic conditions, this does not indicate a deep understanding of
mechanisms, as these same students were observed to show chemically impossible steps in the
mechanism for the peptide hydrolysis catalyzed by an enzyme. These students may have simply
memorized the first mechanism, but when faced with a reaction they do not remember the
mechanism for, are unable to propose a reasonable mechanism.
Overall, the students did demonstrate some transfer in drawing mechanisms for organic
reactions, but it was not necessarily correct. Even when students did apply knowledge correctly,
they were inconsistent in how they did so. While most students were able to draw a correct
mechanism for the peptide hydrolysis reaction in basic conditions on the CHM 256 final exam,
very few of those students transferred knowledge correctly to draw a mechanism for the same
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reaction catalyzed by an enzyme. The majority of the students knew that it was an NAS
mechanism, but they struggled to identify the correct nucleophile for the substitution from the
starting materials provided. They attempted to use their prior knowledge (e.g., carboxylate can
act as a base), which was usually correct, but they often applied this knowledge inappropriately,
leading them to draw an incorrect mechanism.
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CONCLUSION

6.1

Evaluation of the 1-2-1 Curriculum
The purpose of this study was to evaluate the impact of the redesigned 1-2-1 chemistry

curriculum for undergraduate life science majors on student learning. The evaluation included
the dimensions of performance, retention, and transfer (Bodner, 2016). Concerning these
dimensions, the following research questions were addressed:


How do students in the 1-2-1 sequence perform in organic chemistry compared to
students who took a traditional two-semester general chemistry course?



How do students in the 1-2-1 sequence perform in biochemistry compared to students
who took traditional general and organic chemistry courses?



What knowledge do students in the 1-2-1 sequence retain from general and organic
chemistry when they enter biochemistry?



How do students in the 1-2-1 sequence apply their knowledge of chemistry to biological
systems?
The first two research questions are related to student performance in the 1-2-1

curriculum, the third research question concerns students’ retention of knowledge, and the fourth
research question is concerned with students’ transfer of knowledge.

6.1.1 Student Performance
Students in the 1-2-1 curriculum, who took a one-semester general chemistry course,
performed better or equally well in organic chemistry than their peers who took a traditional twosemester general chemistry course. This conclusion was supported by analysis of students’ final
letter grades as well as their exam scores in both organic chemistry I and II for three 1-2-1
student cohorts. There was some inconsistency between cohorts, with two of the cohorts
demonstrating higher performance relative to their peers, while the third cohort demonstrated
equal performance. These trends were observed in both semesters of organic chemistry. Overall,
the performance of students in the 1-2-1 curriculum indicates that they are well-prepared for
organic chemistry beginning in the second semester of their freshman year by their one-semester
general chemistry course.
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Students in the 1-2-1 curriculum also performed better or equally well in biochemistry
compared to their peers who had taken traditional general and organic chemistry courses, as
indicated by both course grades and exam scores for two 1-2-1 student cohorts. Again, there was
some inconsistency between cohorts, with one cohort performing better than their traditional
peers and another performing equally as well. There was more variability in the traditional
students’ preparation and coursework prior to biochemistry compared to organic chemistry,
including the time it had been since they took their most recent chemistry course, which
introduced some confounding effects into the data. Nonetheless, the results support the assertion
that students in the 1-2-1 curriculum are well-prepared for biochemistry by their general and
organic chemistry courses.

6.1.2 Retention of Knowledge
For general chemistry topics, students demonstrated higher retention one year later for
topics that were revisited in organic chemistry and explicitly assessed on exams, including
intermolecular forces, hybridization, acid-base chemistry, and resonance. The percentage of
students answering these questions correctly on the pre-test was equal to or higher than the
percentage of students who answered correctly on the general chemistry final exam. Students
demonstrated lower retention for topics that were introduced in general chemistry, but not
explicitly discussed or assessed in organic chemistry, including buffers, kinetics, and
thermodynamics. The percentage of students who answered these questions correctly was lower
on the pre-test than on the general chemistry final exam. This finding is consistent with research
on retention and memory from cognitive science, which indicates that multiple exposures to a
topic spaced over time increases students’ retention of knowledge (Nuthall, 2000; Willingham,
2009).
For the topics of acid-base chemistry and resonance, students demonstrated improvement
from the general chemistry final exam to the pre-test, indicating that learning took place as a
result of the two-semester organic chemistry sequence. This result highlights the central role of
what students are doing between initial learning and when retention is assessed, and supports the
finding that retention is enhanced by students having to think about something repeatedly over
time (Bahrick, 1979; Dunlosky et al., 2013; Karpicke & Roediger, 2007).
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The level of performance on a particular item on the general chemistry final exam did not
appear to have a significant impact on the level of retention for that topic as demonstrated on the
pre-test. While level of initial learning is still an important factor in retention, as demonstrated in
the literature (Semb & Ellis, 1994), it is also important to consider what students do with their
knowledge after taking the final exam in a course. Performance on summative final exams is not
necessarily indicative of what knowledge students are likely to recall later.
For topics from organic chemistry, specifically reaction mechanisms, retention was
relatively low despite the fact that there was only a four-week interval between the organic
chemistry final exam and the pre-test. This is consistent with prior research that found significant
forgetting of course material in as little as two days following an exam (Bunce et al., 2011).
While most students remembered and could draw an appropriate type of mechanisms (i.e., NAS,
SN2), many students did not remember which molecule would act as a nucleophile in carbonyl
reactions. There were instances where students drew the incorrect type of mechanism, this was
usually in reactions of phosphate groups, and was likely a result of students’ failure to consider
the impacts of resonance on the structure and reactivity of phosphate groups, instead treating it as
a carbonyl because of the presence of the double-bonded oxygen. Despite this being emphasized
through instruction in the second-semester organic chemistry course, many students appeared to
have forgotten this detail. This finding is consistent with research on memory that suggests that
over time, recollections become more general while specific details are often lost (Nuthall, 2000).
This would explain why students remembered the general types of organic reactions they had
studied, but not the specific reaction of a phosphate group.
While there have been few studies of students’ retention of knowledge in chemistry
education research, the results of this study are consistent with findings on memory and retention
from cognitive science more broadly. We did not compare 1-2-1 students’ retention of
knowledge to that of students who had experienced a different curriculum, however, the results
indicate that instruction does have an impact on how well students remember what they have
learned. Retention was higher for topics that were repeatedly taught and assessed throughout the
four-semester sequence, which indicates that the structure of the curriculum is having a positive
impact on students’ learning of these topics. It also suggests that students’ retention of other
topics could be enhanced by revisiting those topics throughout the curriculum, though further
research would be needed to determine if this is the case.

117
6.1.3 Transfer of Knowledge
Transfer was assessed on both the organic chemistry II final exam and the pre-test in the
context of organic reaction mechanisms. Students were presented with the same reaction, peptide
hydrolysis, in two different contexts: one in basic conditions and the other catalyzed by an
enzyme. Considered from the perspective of actor-oriented transfer (AOT), the mechanisms that
students drew revealed an influence of prior activity on the relations of similarity that they
constructed (Lobato, 2012). These relations were evident in the students’ choices of nucleophiles
for the reactions, though students focused mostly on surface features to make these decisions and
they did not always lead students to propose correct mechanisms. For example, using hydroxide
as a nucleophile for the reaction under basic conditions often led students to incorrectly use the
carboxylate as a nucleophile for the enzyme-catalyzed reaction, since they share the surface
feature of a negatively-charged oxygen atom, though they play different functional roles in the
reactions. Other students, who incorrectly used water as a nucleophile in both reactions, used
hydroxide as a base in the first reaction and carboxylate as a base in the second reaction, again
because they share the structural feature of a negatively-charged oxygen atom. This is consistent
with findings from organic chemistry education research that students primarily focus on surface
features in making decisions about physical and chemical properties of molecules, and have
trouble identifying appropriate nucleophiles for reactions (Anzovino & Bretz, 2015; de Arellano
& Towns, 2014; Domin et al., 2008). This finding is also supported by a large body of research
on student thinking that has repeatedly found evidence that novice students primarily focus on
surface features of problems and representations (Chi et al., 1981; Kozma & Russell, 1997).
Overall, these findings are consistent with the literature on transfer, as well as prior
findings from research on how students propose organic mechanisms (Bhattacharyya & Bodner,
2005; Ferguson & Bodner, 2005; Grove et al., 2012). Ferguson and Bodner (2005) found that
students often had missing or incorrect prior knowledge, which caused them to struggle in
drawing mechanisms, and even when they did have relevant prior knowledge, they did not
necessarily apply it correctly. Other research found an overreliance on memorized information
among students in determining the reactivity of organic molecules (deFerver et al., 2015; Domin
et al., 2008). The literature on transfer from cognitive science emphasizes the importance of prior
knowledge in transfer, and researchers have repeatedly found that students who lack sufficiently
deep prior knowledge are unsuccessful in solving transfer problems (Chi & VanLehn, 2012).
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However, the observed failure to transfer does not necessarily imply a lack of prior knowledge.
In this case, it could mean that students did not have sufficiently deep prior knowledge, which is
supported by the low retention demonstrated by students on the mechanisms, as shallow
knowledge also is likely to be forgotten quickly (Novak, 1962; Semb & Ellis, 1994). If students
simply memorized reaction mechanisms such as the peptide hydrolysis in base without
meaningful understanding, this would explain both the low retention and difficulty in transfer.
However, further research would be needed to confirm this. The literature consistently
demonstrates that it is very difficult for students to gain meaningful understanding of organic
mechanisms, even at the graduate level (Bhattacharyya & Bodner, 2005), so it is not surprising
that these students, mostly sophomore biology majors, struggled with this. It does not necessarily
indicate failure or weakness in the curriculum. It may be that these students need more time and
practice to develop competency with organic mechanisms, which supports the importance of
continuing to revisit these skills throughout biochemistry in the context of biochemical reactions.

6.2

Implications for Research and Curriculum Evaluation
This study contributes to the literature in chemistry education research that is concerned

with evaluating various instructional practices and their impacts on student learning. While a
great deal of research has focused on evaluating various pedagogical approaches, comparatively
little research has specifically focused on changes in curriculum, as this study does. This study
identified aspects of curriculum design and content presentation structure that contribute to
students’ retention of knowledge. Further research should explore additional factors affecting
retention such as the format of assessment questions, type of knowledge (procedural/algorithmic
vs. conceptual), and individual differences among students. While the cognitive science literature
contains a plethora of studies on retention of knowledge conducted in a laboratory setting, more
research is needed to understand how these factors interact and influence student learning in
representative educational settings.
This study highlights the importance of including long-term measures of student learning
in curriculum evaluation. The majority of reported curriculum evaluations have examined
outcome measures for student learning at the end of a course as evidence of their success.
However, the results of this study show that students’ understanding of topics changes over time,
which can be influenced by instructional practices and what students do with their knowledge.
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One important goal of education is long-term retention and transfer of knowledge, and
responsible curriculum evaluation needs to explicitly include measures of these aspects of
learning. While this may be difficult to carry out in practice, there are some examples in the
literature, including this study, that offer some guidance on how this can be done (Bunce et al.,
2011; Darland & Carmichael, 2012; Engelbrecht, Harding, & Du Preez, 2007; Kwon, Rasmussen,
& Allen, 2008; Ruder & Hunnicutt, 2008).
In addition to curriculum evaluation, chemistry education researchers should consider
issues of retention and transfer of learning in basic research. Both of these areas have been
understudied in the literature. This study employed the actor-oriented transfer (AOT) perspective
to understand how students apply their knowledge of organic reaction mechanisms. Research on
transfer should make use of explicit theoretical frameworks from the literature to better
understand factors that promote transfer of learning. Students’ “failure to transfer” has been
documented in a variety of contexts, and widely lamented among educators, but research needs
to go beyond this phenomenon to explore how students apply their knowledge and specific
barriers to doing so, as well as how instructors can help their students to construct knowledge
that is durable and can be applied to novel situations.

6.3

Implications for Teaching
In addition to providing specific suggestions for improvements to the 1-2-1 curriculum,

this study has implications for teaching chemistry more broadly. The results on students’
retention of knowledge demonstrate the importance of revisiting topics throughout a course
sequence. Durable, meaningful learning requires multiple exposures to a concept over time in
various contexts (Nuthall, 2000; Willingham, 2009). Even if students demonstrate poor
understanding of a concept when they encounter it for the first, or even second time, instructors
should not be discouraged, but continue to emphasize particular concepts in instruction. For
example, in this study the students performed poorly on questions related to acid-base chemistry
on the final exam in general chemistry. However, one year later, the students demonstrated
improved understanding of this topic on the biochemistry pre-test after taking two semesters of
organic chemistry where acid-base chemistry was repeatedly discussed and assessed on exams.
Even if students demonstrate relatively high performance on a particular concept at the end of a
course, revisiting this topic later on will likely lead to better learning and retention. Research
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from cognitive science points to the benefits of overlearning, or continuing to study and assess
something after students appear competent, for long-term retention and transfer (Dunlosky et al.,
2013). One of the most important factors in what students remember is what they do with their
knowledge after initial learning. If students are required to recall knowledge in varied contexts
over time, it will be retained more strongly in memory and will be more likely to be recalled later
(Dunlosky et al., 2013; Karpicke & Roediger, 2007).
The development of the 1-2-1 curriculum also has implications for instructors teaching
courses in a sequence. Instructors of introductory courses should consider what courses their
students will take in the future and help students to build understanding of foundational concepts.
Meanwhile, instructors of more advanced courses that have prerequisites should consider what
knowledge students are bringing with them from previous courses. Rather than making
assumptions about what is covered in introductory courses, instructors should assess their
students’ prior knowledge at the beginning of a course. There are a variety of simple, easy-to-use
instruments in the literature that instructors could use to quickly gain insight about what their
students do and do not know (e.g., Villafane et al., 2011).
In addition to assessing students’ prior knowledge, it is essential that instructors of
courses in a sequence communicate with one another about their teaching and content of their
courses. While this recommendation sounds obvious and straightforward, there is reason to
believe that these types of conversations rarely happen in practice. Faculty are typically given a
high degree of autonomy in designing and teaching their courses, which has certain benefits, but
students would benefit greatly if their instructors talked to one another and made efforts to align
their curricula. This study highlights how productive these conversations between faculty
members can be. The 1-2-1 curriculum grew out of a collaboration between two faculty members
who saw that the way chemistry courses were being taught was disjointed and left students with
a fragmented understanding of important topics. Their efforts to redesign the curriculum and help
students build a coherent understanding of central topics provide an exemplar of how faculty
members can act as change agents and prioritize student learning, setting these students up for
success in their college chemistry courses and ultimately in their future careers.
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APPENDIX A.

CHM 12901
Professor

COURSE SYLLABI

Course Packet

Fall 2015

Prof. Christine Hrycyna, BRWN 3130D, hrycyna@purdue.edu
Office Hours: Wednesdays 3:15pm – 4:15pm

Course Supervisor Ms. Anna Ratliff, BRWN 3124, ratliffa@purdue.edu
Lectures

M, W and F each week at 11:30 am in WTHR 200

Labs

Th at 7:30 am, 11:30 am or 2:50 pm; Sat at 8:30 am

Lab Supervisor

Mr. Jason Goebel, BRWN 3134, goebelj@purdue.edu

Recitation

Tuesdays at various times

Course information Blackboard LEARN https://mycourses.purdue.edu/
Things That You Must Do During Week #1:
·
·
·
·
·
·

Purchase required materials.
Register for CONNECT through course BLACKBOARD LEARN only!
Register iClicker on BLACKBOARD LEARN only!
Read all the information in this course packet.
Read the Reading Assignments – handed out on first day and posted on Blackboard Learn
Complete the safety certification available on the course Blackboard page with a score of
at least 20/25 by September 8th. You must complete your safety certification before you
can work in lab.
· Attend recitation.
· Do NOT register your materials on the iClicker of CONNECT websites.
Required Materials
·

Registration/Access code for CONNECT
online homework & e-book (can be
purchased with the textbook). Purchase
through Blackboard ONLY.

·

Textbook:
OPTIONAL
PHYSICAL
VERSION of CHEM12901: Purdue
General Chemistry with Biological Focus
(Purdue University Edition), e-book or
any first edition of “Chemistry: Atoms
First” by Overby and Burdge

·

Lab Manual: CHM 12901 Laboratory
Manual, Purdue University, Fall 2015
Edition, Hayden-McNeil Publishing, Inc.

·

A virus-free electronic storage device for
lab data

·

A padlock for your assigned lab drawer
by week 4.

1

·

Approved safety goggles, available at the
bookstores, outside WTHR 200 during the
first two weeks of classes, or from the
st
nd
storeroom on
the 1 or 2 floor in
BRWN.

·

A Sharpie (black, permanent ink) for
marking lab glassware

·

A simple battery operated scientific
calculator with exponential, logarithm and
square root functions will be needed for
exams.
Two-line
non-programmable
calculators are allowed. Alpha-numeric and
programmable calculators will NOT be
allowed for exams. Acceptable calculators
are available for purchase outside WTHR
200 during the first two weeks of class.

·

iClicker (Bookstore or outside WTHR 200
during the first two weeks of classes)
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APPENDIX B.

1.

PRE-TEST 2017

Which type(s) of intermolecular forces are present in a pure solution of
dichloromethane (CH2Cl2)?
A. dispersion only
B. dispersion and dipole-dipole
C. dispersion, dipole-dipole, and hydrogen bonding
D. dispersion and ion-dipole
E. dispersion and ion-induced dipole

Explain

2.

What is the hybridization of the nitrogen atom in the following molecule?
A.

sp

B.

sp2

C.

sp3

D.

sp3d

E.

sp3d2

Explain
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3.

Ibuprofen is a weakly acidic drug with a pKa of 4.5. It is best absorbed in the body
in its neutral protonated form. In which environment in the body would ibuprofen
be best absorbed?

Circle the most acidic proton on the molecule.

A. pH=2.0
B. pH=6.0
C. pH=7.6
D. Absorbed equally well at all pH levels
Explain

4.

Cold packs are carried by athletic trainers when transporting ice is not possible.
Once the contents of a cold pack are mixed, the temperature goes down as the
ammonium nitrate inside dissolves in water. Which of the following is true of this
chemical reaction?
A. ΔH < 0, process is exothermic
B. ΔH > 0, process is exothermic
C. ΔH < 0, process is endothermic
D. ΔH > 0, process is endothermic
E. ΔH = 0, since cold packs are sealed

Explain
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5.

Below are 4 statements regarding what the change in Gibbs free energy, ΔG, tells us
about a chemical reaction.

1.

the rate of the reaction.

2.

the energy that is available to do useful work for a chemical reaction

3.

whether a reaction will be spontaneous or non-spontaneous

4.

the connection between enthalpy and entropy changes of a chemical reaction.

Which of the 4 statements are TRUE?

6.

A.

1, 2, 3

B.

2, 3, 4

C.

1 and 3

D.

None of the statements are true

E.

All of the statements are true

Which statement is TRUE? A catalyst:
A.

can make a non-spontaneous reaction become spontaneous

B.

is produced in one elementary step and is consumed in a later elementary step

C.

increases the activation energy of the reaction

D.

alters the mechanism of the reaction

E.

speeds up a reaction by making it more exothermic

Explain below why the other 4 answers are INCORRECT.
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7.

Draw an additional resonance structure for the structure of bicarbonate, HCO3-,
shown below, including curved arrows showing the movement of electrons.

8.

What would be the charged state (positive, negative, or neutral) for each of the
amino acid sidechains in the small protein below at physiological pH 7.4? Write
your answer in the box next to each amino acid.

pKa=10

pKa=4

pKa=15

Explain
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9.

Provide a mechanism for the following reaction:

Which major type of mechanism is the reaction above? ___________

10.

The same reaction in question 8 above can also be catalyzed by the enzyme HIV
protease at physiological pH (7.4) by using a carboxylate in its active site (shown
below). Provide a mechanism for this reaction.

HIV protease
active site

Which major type of mechanism is the reaction above? _______________
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11.

The following reaction depicts the hydrolysis of ATP to ADP. Provide a mechanism
for the reaction.

Adenosine triphosphate (ATP)

Adenosine diphosphate (ADP)

Which major type of mechanism is the reaction above? ______________

12.

Provide a mechanism for the following reaction. You may use the acidic and basic
groups shown on the Phosphoglucose Isomerase enzyme only.

Glucose-6-phosphate

Fructose-6-phosphate
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APPENDIX C.

PRE-TEST 2018

1. Which type(s) of intermolecular forces are present in a pure solution of
trimethylamine?
A. dispersion only
B. dispersion and dipole-dipole
C. dispersion, dipole-dipole, and hydrogen bonding

2. Select the choice(s) that best explain your answer: (can circle more than one)
A. The molecule has a dipole because the N is highly electronegative
B. The molecule has a dipole because of its 3D shape
C. The molecule does not have a dipole because of its 3D shape
D. All molecules have dispersion
E. The molecule can hydrogen bond because it has hydrogen atoms
F. I don’t know
2.

What is the hybridization of the nitrogen atom in the following molecule?
A.

sp

B.

sp2

C.

sp3

D.

sp3d

E.

sp3d2

Select the choice that best explains your answer:
A. The nitrogen has tetrahedral geometry
B. There are 3 atoms bonded to the nitrogen
C. There are 4 regions of electron density around the nitrogen
D. The molecule has a resonance structure with an N-C double bond
E. I don’t know
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3.

Ibuprofen is a weakly acidic drug with a pKa of 4.5. It is best absorbed in the body
in its neutral protonated form. In which environment in the body would ibuprofen
be best absorbed?

A. pH=2.0
B. pH=6.0
C. pH=7.6
D. Absorbed equally well at all pH levels
Select the choice that best explains your answer:
A. When pH < pKa, the molecule is protonated
B. When pH > pKa, the molecule is protonated
C. A basic pH will neutralize the acidic group
D. It is best absorbed at physiological pH
E. I don’t know
4.

Cold packs are carried by athletic trainers when transporting ice is not possible.
Once the contents of a cold pack are mixed, the temperature goes down as the
ammonium nitrate inside dissolves in water. Which of the following is true of this
chemical reaction?
A. ΔH < 0, process is exothermic
B. ΔH > 0, process is exothermic
C. ΔH < 0, process is endothermic
D. ΔH > 0, process is endothermic
E. ΔH = 0, since cold packs are sealed

Select the choice(s) that best explains your answer: (can circle more than one)
A. Heat is released
B. Heat is absorbed
C. Enthalpy decreases
D. Enthalpy increases
E. I don’t know

140
5.

Which of the following aqueous mixtures would be a buffer system?
A. HCl, NaCl
B. NaHPO4, NaNO3
C. H3PO4, NaH2PO4
D. H2SO4, CH3COOH
E. NH3, NaOH

6.

Below are 4 statements regarding what the change in Gibbs free energy, ΔG, tells us
about a chemical reaction. Circle ALL that are TRUE.

A. the rate of the reaction.
B. the energy that is available to do useful work for a chemical reaction
C. whether a reaction will be spontaneous or non-spontaneous
D. the balance between enthalpy and entropy changes of a chemical reaction.

7.

Circle ALL that are TRUE. A catalyst:
A.

can alter the free energy change (∆G) for a reaction

B.

is produced in one elementary step and is consumed in a later elementary step

C.

decreases the activation energy of the reaction

D.

may alter the mechanism of the reaction

E.

speeds up a reaction by making it more exothermic
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8.

Draw an additional resonance structure for the structure of bicarbonate, HCO3-,
shown below, including curved arrows showing the movement of electrons.

9.

What would be the charged state (positive, negative, or neutral) for each of the
amino acid sidechains in the small protein below at physiological pH 7.4? Write
your answer in the box next to each amino acid.

pKa=10

pKa=4

pKa=15

10.

Circle and label 5 unique functional groups on the structure above. (There may be more
than one of a certain functional group, but only label one of each)
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11.

A.

B.

Choose the correct mechanism for the following reaction:
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12.

The same reaction in question 11 above can also be catalyzed by the enzyme HIV
protease at physiological pH (7.4) by using a carboxylate in its active site (shown
below). Choose the correct mechanism for this reaction.

A.

B.

C.
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13.

The following reaction depicts the hydrolysis of ATP to ADP. Choose the correct
mechanism for the reaction.

Adenosine triphosphate (ATP)

Adenosine diphosphate (ADP)

A.

B.

Which major type of mechanism is the reaction above? (circle one)
A. Sn1
B. Sn2
C. NAS (nucleophilic acyl substitution)
D. NAC (nucleophilic addition to a carbonyl)
E. Elimination
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APPENDIX D.

EXPLANATION CODEBOOK

Question 1-Intermolecular forces
Code
Description
1A
Electronegativity of Cl makes molecule
polar
1B
Molecule is polar because of
electronegativity difference between H
and Cl
1C
H and Cl can hydrogen bond
1D
1E
1F
1G

1H

1J

1K
1L
1N

Difference in electronegativity between
C and Cl creates dipole
Cl are ions
Molecule is polar due to 3D
geometry/asymmetry
Molecule is polar because of
electronegativity difference between C
and Cl and 3D geometry
Molecule is nonpolar due to 3D
geometry/symmetry
Electrons are pulled toward Cl, creates
dipole (don’t mention
electronegativity)
All molecules have dispersion
No hydrogen bonding because no N, O,
or F
Process of elimination

Example(s)
The Cl causes the dipole-dipole because
of its electronegativity
Cl is more electronegative than H,
making the molecule polar
There is an H that can hydrogen bond
with a Cl on another molecule
Cl is more electronegative than C, so it
makes the molecule polar
Cl- ions in the molecule induces a
dipole
Tetrahedral shape, so slight negative and
positive ends
The Cl is more electronegative than C,
and the dipoles do not cancel because
the molecule is tetrahedral
This is overall a nonpolar molecule
since the C-Cl dipoles cancel each other
out
The C-Cl bonds are dipole-dipole
because the electrons are pulled towards
the Cl
Dispersion is present in all substances
It can’t H-bond because there is no N,
O, or F
*explain based on what forces molecule
does NOT have

Blank
No explanation given
Guess
I don’t know/I guessed
Nonsense Answer doesn’t make sense/can’t read
Question 2-Hybridization
Code
Description
2A
4 regions of electron density
2B
3 bonds and 1 lone pair
2C

3 atoms bonded to N

2E
2F

Lone pair on N
Tetrahedral geometry

Example(s)
4 electron domains  4 sp3 orbitals
It has 3 bonds and 1 lone pair, making it
have 4 orbitals
The N has 3 bonding domains
There are 3 bonds to the N meaning there
is an s orbital and 2 p orbitals being used
The lone pair is also an orbital
Tetrahedral arrangement  sp3
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2G
Blank
Guess

Resonance/partial double bond character There is resonance which causes it to
become sp2
No explanation given
I don’t know/I guessed

Question 3-pH/pKa
Code
Description
3A
Low pH, protonated
High pH, deprotonated

3B

pH < pKa, protonated
pH > pKa, deprotonated

3C
3D
3F

pH > pKa, protonated
pH < pKa, deprotonated
Basic pH neutralizes acid
pH 7.6 is physiological pH

3G
3H

pH is closest to pKa
Neutral pH

3J

Low pH, deprotonated
High pH, protonated
No explanation given
I don’t know/I guessed
Answered wrong part of question

Blank
Guess
Wrong

Question 4-Enthalpy
Code
Description
4A
Temperature decrease, heat/energy is
released
4B
Temperature decrease, heat/energy is
absorbed
4C
Absorbs/takes in heat/energy (don’t
mention temperature change)
4D
Temperature decrease (don’t mention
heat/energy)
4E
Enthalpy decreases
4F
Blank

Loses heat
No explanation given

Example(s)
It would best be absorbed in the stomach
because the stomach has a low pH in
which the molecule will not deprotonate
At pH 2 the molecule will be mostly
protonated
pH < pKa to be protonated
The pH of the surrounding solution
would need to be lower than the pKa of
the molecule so that it is in its protonated
form
A higher pH than pKa will protonate the
ibuprofen
Basic would neutralize the acidic part
The body pH is ~7.6 and the proton
would not be lost, therefore it is still
neutral
pH 6.0 is closest to the pKa of 4.5
It will best be absorbed at a neutral pH,
which is close to 7.6
Will stay in protonated form in high pH

OH is most acidic proton

Example(s)
The process is releasing heat since the
temp. of the cold pack is going down
The process absorbs heat, so the
temperature goes down
The reaction consumes energy (heat)
and is endothermic
Getting cold, endothermic
Final H is less than initial H, so enthalpy
decreases

147
Guess
I don’t know/I guessed
Nonsense Answer doesn’t make sense/can’t read
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APPENDIX E.

MECHANISM CODEBOOK

Peptide hydrolysis in base (NaOH)
NAS w/-OH
Nucleophilic acyl substitution on carbonyl carbon using -OH as nucleophile
Example:

NAS w/H2O
Nucleophilic acyl substitution on carbonyl carbon using H2O as nucleophile
Example:

Other
Any other type of mechanism
Blank
No mechanism drawn
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Peptide hydrolysis catalyzed by enzyme (HIV protease)
NAS w/activated H2O
Enzyme active site carboxylate deprotonates H2O, which acts as a nucleophile to attack
carbonyl carbon in nucleophilic acyl substitution
Example:

NAS w/H2O
Nucleophilic acyl substitution using H2O as a nucleophile
Example:
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NAS w/carboxylate
Enzyme active site carboxylate acts as a nucleophile attacking carbonyl carbon in
nucleophilic acyl substitution
Example 1:

Example 2:

Other
Any other type of mechanism
Blank
No mechanism drawn
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ATP hydrolysis
SN2
One-step substitution on phosphate using -OH as nucleophile
Example:

NAS
Nucleophilic acyl substitution on phosphate using -OH as nucleophile
Example:

Other
Any other type of mechanism
Blank
No mechanism drawn
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